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ABSTRACT
Solar energy-based microgrids are increasingly promising due to their many
features, such as being environmentally friendly and having low operating costs. Power
electronic converters, filters, and transformers are the key components to integrate the
solar photovoltaic (PV) systems with the microgrids. The power electronic converters
play an important role to reduce the size of the filter circuit and eliminate the use of the
bulky and heavy traditional power frequency step-up transformer. These power
converters also play a vital role to integrate the energy storage systems such as batteries
and the superconducting magnetic energy storage (SMES) unit in a solar PV power-based
microgrid. However, the performance of these power converters depends upon the
switching technique and the power converter configuration. The switching techniques
can improve the power quality, i.e. lower total harmonic distortion at the converter output
waveform, reduce the converter power loss, and can effectively utilize the dc bus voltage,
which helps to improve the power conversion efficiency of the power electronic
converter. The power converter configuration can reduce the size of the power converter
and make the power conversion system more efficient. In addition to the advanced
switching technique, a supervisory control can also be integrated with these power
converters to ensure the optimal power flow within the microgrid.
First, this thesis reviews different existing power converter topologies with their
switching techniques and control strategies for the grid integration of solar PV systems.
To eliminate the use of the bulky and heavy line frequency step-up transformer to
integrate solar PV systems to medium voltage grids, the high frequency magnetic linkbased medium voltage power converter topologies are discussed and compared based on
their performance parameters. Moreover, switching and conduction losses are calculated
to compare the performance of the switching techniques for the magnetic-linked power
converter topologies.
In this thesis, a new pulse width modulation technique has been proposed to integrate
the SMES system with the solar PV system-based microgrid. The pulse width modulation
technique is designed to provide reactive power into the network in an effective way. The
modulation technique ensures lower total harmonic distortion (THD), lower switching

viii

loss, and better utilization of dc-bus voltage. The simulation and experimental results
show the effectiveness of the proposed pulse width modulation technique.
In this thesis, an improved version of the previously proposed switching technique
has been designed for a transformer-less PV inverter. The improved switching technique
can ensure effective active power flow into the network. A new switching scheme has
been proposed for reactive power control to avoid unnecessary switching faced by the
traditional switching technique in a transformer-less PV inverter. The proposed switching
technique is based on the peak point value of the grid current and ensures lower switching
loss compared to other switching techniques.
In this thesis, a new magnetic-linked multilevel inverter has been designed to
overcome the issues faced by the two-level inverters and traditional multilevel inverters.
The proposed multilevel inverter utilizes the same number of electronic switches but
fewer capacitors compared to the traditional multilevel inverters. The proposed
multilevel inverter solves the capacitor voltage balancing and utilizes 25% more of the
dc bus voltage compared to the traditional multilevel inverter, which reduces the power
rating of the dc power source components and also extends the input voltage operating
range of the inverter.
An improved version magnetic-linked multilevel inverter is proposed in this thesis
with a model predictive control technique. This multilevel inverter reduces both the
number of switches and capacitors compared to the traditional multilevel inverter. This
multilevel inverter also solves the capacitor voltage balancing issue and utilizes 50%
more of the dc bus voltage compared to the traditional multilevel inverter.
Finally, an energy management system has been designed for the developed power
converter and control to achieve energy resiliency and minimum operating cost of the
microgrid. The model predictive control-based energy management system utilizes the
predicted load data, PV insolation data from web service, electricity price data, and
battery state of charge data to select the battery charging and discharging pattern over the
day. This model predictive control-based supervisory control with the advanced power
electronic converter and control makes the PV energy-based microgrid more efficient
and reliable.
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Chapter 1
INTRODUCTION
Nowadays, electrical power is one of the basic needs of human life. Humans have
invested a lot of time, effort, and money to establish fossil fuel-based electrical power
generation systems. However, fossil fuel-based electrical power generation systems
release CO2 into the atmosphere, which is directly linked to global warming and the
greenhouse effect. Electrical power generation systems cause around 75% of the total
CO2 emission in the world [1]. Due to some serious issues such as climate change, public
health, and availability of fossil fuel, the United Nations is advising every nation to
comply with sustainable development goals (SDGs) [2]. Various countries are trying to
follow SDGs, by adopting the renewable energy target.
Australia’s renewable energy target scheme can be divided into two parts, (1) the
large-scale renewable energy target scheme (LRES) and (2) the small-scale renewable
energy target scheme (SRES) [3]. The SRES encourages households, businesses, and the
community to install small-scale systems such as rooftop photovoltaic (PV) panels, PV
water heaters, small-scale wind or hydro systems. The LRES encourages investment in
renewable energy power stations, such as wind and solar farms, or hydroelectric power
stations. In Australia, sufficient projects are approved to meet and exceed the 2020 target
of 33,000 GWh of additional renewable electricity. The annual target is at 33,000 GWh
until the scheme ends in 2030 [3].
Although the integration of fossil fuel-based power stations with the power grids is
well established, the integration of renewable energy sources with the power grids poses
a lot of technical challenges [4]. These renewable energy sources are intermittent in
nature. Solar power is not available at night and the solar power availability is not
constant throughout the day. Similarly, wind power is not consistent all the time. The
intermittent and unpredictable nature of renewable energy sources could be modelled
properly to reduce the negative impact on the stable operation of the system. Several
methodologies [5] are presented in the literature to model uncertainties in renewable
energy to have minimal impact on the reliable and stable operation of the system. Power
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converters play an important role to integrate this intermittent power with the power
grids. The proper control of the power electronic converters used for the grid integration
of the renewable energy sources is important to ensure stable operation during the
transients and ac system parameter variations.
These power converters are consist of electronic switches. These can generate
different levels of voltages with pulse width modulation (PWM) in nature. The outputs
of these power converters are not pure sinusoids and contain harmonics. Maintaining the
harmonics at the output of the power converters at the desired level is a challenging task.
Inverter switching techniques play an important role in this case. Moreover, other power
quality issues like voltage sag and swell, the inverters play an important role to support
the power grid with necessary reactive power.
While integrating the renewables with the power grids, the converter size, the power
conversion efficiency is also an important issue. The transformerless inverters are
becoming very popular due to their simple construction and higher efficiency. However,
effective control of the active power flow and the reactive power flow is a challenging
task. Moreover, galvanic isolation is a big issue in these transformerless inverters.
Multilevel inverters are getting popular due to their better output quality and high
voltage integration of renewable energy sources [6]–[8]. However, the multilevel
inverters require balanced dc voltage sources to provide quality output power to the grid.
The existing voltage balancing control techniques require a complex computation, which
makes the implementation difficult.
Due to the uncertain nature of renewable energy sources, it also becomes difficult to
design an energy management system for a renewable energy generation-based
microgrid. Energy resiliency and microgrid operating costs are the main issues that need
to be addressed in the intelligent energy management system.
In the context of the issues discussed above, the backgrounds of the specific
challenges that will be addressed in this thesis are discussed below.

1.1 BACKGROUND OF THE PROBLEMS AND RESEARCH MOTIVATIONS
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1.1.1 Power losses during mitigating power quality issues
Uncertainty of the renewable generation units can cause several power quality
problems like a supply-demand mismatch, voltage sag, voltage swell, etc. in the electrical
power system. Moreover, the large-scale integration of renewable energy sources into
the power grid decreases the frequency stability of the power system due to the low inertia
[9]. A superconducting magnetic energy storage (SMES) unit is capable to track the
power system load variations instantaneously, resulting in almost a constant output from
the power generating units [10]. The SMES unit is also a good resource to reduce the
impact of the voltage and power fluctuations of the intermittent distributed energy
sources connected to the distribution grid due to its capability to control both active and
reactive power simultaneously. A power electronic converter plays an important role to
integrate the SMES unit with the power grid. The power losses in the power converters
are the switching losses and the conduction losses. These losses mainly depend on the
switching technique of the power converter. Traditional pulse width modulation
techniques such as the unipolar pulse width modulation technique and the bipolar
modulation technique can cause more losses in the power electronic switches. In this
thesis, a design of a new pulse width modulation technique to reduce the inverter losses
and also improve the power quality issues like minimizing total harmonic distortion at
the output of the inverters and also support the grid with reactive power when necessary
is proposed.

1.1.2 Increased system size and cost due to utilizing power frequency step-up
transformer
Renewable energy sources are connected to the electrical power grids through
inverters, filter circuits, and power frequency step-up transformers. The power frequency
transformers provide galvanic isolation and step up the voltage to the grid voltage level.
However, this power frequency transformer is bulky and heavy, which increases the
system size. Most of these transformers use mineral oil (chemical name: Hydrotreated
Light Nepthanic Distillate) which is not environmentally friendly. Moreover, the
maintenance of these transformers is costly especially for the transformers located in the
off-shore wind turbine nacelle [11]. In traditional systems, the use of the power frequency
step-up transformers and the line filter circuits increase the total loss by 50% and the
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system volume by 40% [12]. In this thesis, the design of an efficient power frequency
transformerless power conversion system for grid integration of renewable energy
sources is proposed.

1.1.3 High-temperature stress and unequal power loss distribution among the
electronic switches of transformerless inverters
Transformerless power converter topologies make the power conversion system
compact and efficient [13], [14]. The H5, the H6, and the highly efficient and reliable
inverter concept (HERIC) are the popular families known as the transformer-less inverter
topologies. Power engineering communities are focused on the leakage of current
elimination by adopting various control techniques [15], [16]. However, these
transformer-less power converters experience unequal power loss distribution among the
electronic switches and cause excessive heating in the electronic switches [17].
Moreover, to achieve higher efficiency in the transformerless power converters, the
switching frequency is chosen low, which results in a larger size of the passive
components [18], [19]. In this thesis, the design of a new control technique to reduce the
temperature stress and the unequal power loss distribution among the electronic switches
of the transformerless inverters is proposed. Further, the proposed designed control
technique can operate at a higher switching frequency with reduced switching loss and
minimize the passive component size used for the grid integration of renewable energy
sources.

1.1.4 Ineffective reactive power control in transformerless inverter
The reactive power control techniques are based on the PWM techniques for the
transformerless inverters. The conventional bipolar pulse width modulation (BPPWM)
technique can eliminate leakage current and provide reactive power support for the PV
inverters [20]. However, the reactive power control using the bipolar PWM causes high
switching loss and makes the system less efficient. Therefore, several transformerless PV
inverter topologies utilize the unipolar pulse width modulation (UPPWM) technique to
control the reactive power of the system [20]–[22]. In the case of H5 inverter topology
and HERIC inverter topology, the PWM technique is switched from UPPWM to
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BPPWM during the negative power region [23]. Although reactive power control is
obtained, the practical implementation is complex. Moreover, the efficiency is low due
to high current ripple and high switching loss. A switching scheme has been proposed in
[24], but this switching scheme faces some unnecessary switching losses during the
positive power region. In this thesis, the design of a new pulse width modulation
technique and a new switching strategy for the transformerless inverters for the effective
reactive power flow to the electrical power network is proposed.

1.1.5 Lack of galvanic isolation in transformerless inverter
The transformerless inverter topologies, i.e. the H5 family, H6 family, and HERIC
family suffer from the lack of galvanic isolation. In this case, a common-mode leakage
current flows through the parasitic capacitor of the PV panels to the ground, which
induces both serious safety issues and potential electromagnetic interference problems
[25], [26]. According to the German DIN VDE 0126-1-1 standard [27], there is a
limitation for the leakage current in the grid integrated renewable energy systems. The
leakage current RMS value should not exceed 300 mA [27]. Some reported research
works are focused on reducing the leakage current by proposing different control
techniques or circuit configurations [15], [16]. However, the circuit configurations are in
the electrical domain only and suffer from physical isolation. Moreover, if there is any
damage to the electronic components, then the control algorithms are not enough to make
sure the safety of the operator. In this thesis, the design of a new power converter
topology to ensure physical galvanic isolation and the safety of the operator is proposed.

1.1.6 A higher number of electronic components in power converters
Two-level power converters are widely used for grid integration of renewable energy
sources. The H5, the H6, and the HERIC are the two-level inverters and can generate two
voltage levels using BPPWM and three voltage levels using UPPWM. However, for
medium or high voltage grid integration of the renewable energy sources using these
transformerless inverters may rise control complexity and leakage current in the system
due to the parallel operation of these converters. Multilevel inverters are getting popular
due to their better output power quality and the ability to integrate renewable energy
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sources with the medium or the high voltage grid [6]–[8]. However, with the increase of
the number of levels, there is a significant increase in the number of the power electronic
switches and the auxiliary flying capacitors required in the multilevel converter topology.
These extra components and devices increase the converter size, cost, and control
complexity of the auxiliary devices [28]. Moreover, the increased number of capacitors
makes the conversion system bulky and reduces the lifetime of the converters. In this
thesis, the design and implementation of a new multilevel inverter with a reduced number
of electronic components and auxiliary devices for the grid integration of renewable
energy sources with the power grids are proposed.

1.1.7 Complex control for balancing multiple dc voltage sources
The multilevel inverters for the grid integration of renewable energy sources can be
classified into three basic types, the cascaded H-bridge (CHB), the flying capacitor (FC),
and the neutral point clamp (NPC) multilevel inverter [8]. Nowadays, the stacked multicell converter (SMC) [29], the modular multilevel converter (MMC) [11], [30], and the
active neutral point clamped (ANPC) [31] are the emerging multilevel inverters. The
CHB and MMC require multiple dc voltage sources as the inputs of the multilevel
inverters and other types of multilevel inverters require a special control algorithm to
balance the voltages across the capacitors to maintain desired output power quality [11],
[28], [30]. In this thesis, the design of a new topology for reducing the control complexity
of the voltages across the capacitors is proposed.

1.1.8 Lack of energy resiliency scheme in commercial inverters
In Australia, there are several commercial inverters, Fronius inverter, Selectronic
inverter, Sunny boy inverter, etc. The Fronius inverter can be used as a PV inverter and
the Selectronic inverter can be used as a battery inverter [32], [33]. While forming a
microgrid considering the PV inverter, battery inverter, grid, PV, and load, the
commercial energy management used is very simple and generally does not consider the
PV insolation and load forecasting in the control strategy [33]. Therefore, commercial
energy management is not able to provide energy resiliency into the microgrid. The
continuation of the electrical power supply is very important to a PV, Battery, and sewage
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pumping station-based microgrid. If there is a blackout, and the battery does not contain
enough energy then the solution is to have the electricians manage the backup generator
unit to make sure the continuation of the electrical power supply to the load. This
installation and electrician cost is high and not desirable. In this thesis, the design of an
intelligent energy management system that operates the inverters to maintain energy
resiliency into the microgrid is proposed.

1.2 OBJECTIVES
Based on the background of the problems and research gaps identified, the objectives of
this thesis are listed below.


Development of an advanced modulation technique for the power conditioning
system of an SMES to mitigate the power quality issues in the microgrid.



Development of an efficient transformerless power conversion system for the grid
integration of renewable energy sources.



Development of a new switching technique to reduce the temperature stress and
unequal loss distribution among the electronic switches of the transformerless
inverters.



Development of a new switching scheme for the effective reactive power flow in
the transformerless inverters for the grid integration of renewable energy sources.



Development of a new converter topology that inherently provides galvanic
isolation for the grid integration of renewable energy sources.



Development of a new multilevel inverter with reduced switching devices and
auxiliary capacitors for the grid integration of renewable energy sources.



Development of a new topology for reducing the control complexity of the
voltages across the capacitors in the grid integrated multilevel inverters.



Development of an energy management system with the proposed power
converter topology and control to achieve energy resiliency and minimum
operating cost for a microgrid.
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1.3 SPECIFIC CONTRIBUTIONS
The main contributions of this thesis are summarized below.

A third harmonic injected equal loading ninety-degree clamp pulse width modulation
technique has been proposed for the power conversion system of the SMES unit. The
proposed third harmonic injected equal loading ninety-degree clamp pulse width
modulation technique reduces the total harmonic distortion, makes the power conversion
system efficient, and ensures the mitigation of power quality issues effectively.
A current peak point tracking third harmonic injected bus clamping pulse width
modulation technique is proposed for the transformerless inverters to integrate the
renewable energy sources with the power grids. Here, the proposed current peak point
tracking third harmonic injected bus clamping pulse width modulation technique reduces
the temperature stress among the electronic switches of the transformerless inverter
topology and also minimizes the unequal loss distribution among the electronic switches.
A new switching scheme has been proposed based on the phase shift between the voltage
and current profile for the grid-integrated transformerless inverters to achieve effective
reactive power flow in the system. This new switching scheme avoids unnecessary
switching faced by the traditional switching schemes during the positive power region.
A seven-level active neutral point clamped multilevel power converter topology is
developed with the advanced amorphous alloy-based high-frequency magnetic link. The
proposed power converter reduces the use of auxiliary capacitors compared to the
traditional active neutral point clamped multilevel inverter. The magnetic link provides
galvanic isolation in the power conversion system inherently.
A model predictive control-based new nine-level magnetic linked active neutral point
clamped multilevel inverter topology is proposed which utilizes less number of electronic
devices and auxiliary capacitors compared to the traditional active neutral point clamped
multilevel inverters and makes the power conversion system efficient and reliable. The
high-frequency magnetic link can generate isolated and balanced dc power sources for
the novel power electronic converter and solves the voltage balancing issues faced by the
traditional converter topologies.
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A model predictive control-based intelligent energy management system is designed
using the developed new power converter topology and switching scheme, which
considers the electricity price, the PV insolation, and the forecasted load data to ensure
energy resiliency and minimum operating cost in the microgrid.
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Chapter 2
MAGNETIC-LINKED POWER CONVERTERS
AND THEIR SWITCHING TECHNIQUES FOR
TRANSFORMERLESS DIRECT GRID
INTEGRATION OF RENEWABLE GENERATION
SYSTEMS

ABSTRACT
Renewable energy-based power plants are increasingly used to supply the rapidly
increasing electrical load demand because renewable energy plants are clean, ecofriendly, and environmentally sustainable. They also require less time for plant
installation compared to traditional fossil fuel-based power plants. Power converters and
switching techniques play an important role in the grid integration of renewable energy
sources. The traditional low voltage power converter utilizes power frequency
transformers and a line filter to integrate the renewable energy sources with the power
grid, but they are heavy and bulky. Recently, medium voltage power converters that do
not require power frequency transformers and line filters are becoming increasingly
popular. This thesis chapter aims to review different power converter topologies with
different switching and control strategies for the grid integration of renewable energy
sources. This chapter also presents current research activities and possible future
directions for the power converter topologies and their switching techniques in a gridconnected renewable energy power conversion system.

2.1 INTRODUCTION
Most countries have already set their renewable energy targets to supply their
national increasing energy demand and to keep their environment sustainable. Renewable
energy is non-pollutant, environmentally friendly, low maintenance, and will never run
out. Although the upfront cost of the renewable energy plant is relatively high and energy
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storage may be required due to the intermittent nature of renewable energy, renewable
energy has more benefits than drawbacks.
Power electronic converters are the key elements that interconnect renewable energy
sources with the power grid and provide the conditioning operation of the energy
conversion system [1]–[5]. Traditionally, the two-level inverter along with power
frequency transformer-based power conversion systems are commonly used for the grid
integration of renewable energy sources. However, the use of the power frequency stepup transformers and the filter circuits increases the total loss by 50% and the system
volume by 40% [6]. Therefore, medium voltage power converters, that can integrate the
renewable energy sources directly with the power grid without requiring the heavy and
bulky power frequency step-up transformers and the filter circuits, are becoming
increasingly popular.
Recently, multilevel converters are becoming fashionable for use as medium voltage
power converters. These multilevel power converters do not require step-up transformers
and line filters for the grid integration of renewable energy sources with the electrical
power grid, but they require multiple isolated balanced dc power sources, galvanic
isolation, and also require more electronic components as the voltage level is increased.
The high-frequency magnetic-linked power converters are increasingly being used
due to their compactness and being more efficient compared to the traditional power
frequency transformer-based power conversion systems. Moreover, these high-frequency
magnetic-linked power converters when used in conjunction with the medium voltage
power converters, such as the multilevel power converters, can offer galvanic isolation
and can generate the isolated balanced dc power sources required by the medium voltage
multilevel power converters.
In this thesis chapter, an extensive review of the current research outcomes and the
possible future directions of research to develop magnetically linked power converter
technologies are presented.
This chapter is structured as follows. Section 2.2 presents the two-level inverter
topologies for grid integration of renewable energy sources; Section 2.3 describes the
multilevel inverters for transformerless grid integration of renewable energy sources;
Section 2.4 presents the magnetic-linked power converters for grid integration of
renewable energy sources; Section 2.5 describes the switching techniques for the
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magnetic-linked power converters; Section 2.6 presents the modelling of inverter losses
and finally Section 2.7 gives the Conclusions of this chapter.

2.2 TWO-LEVEL INVERTERS FOR GRID INTEGRATION OF RENEWABLE
ENERGY SOURCES
Two-level power converters are very popular and commonly used for the grid
integration of renewable energy sources to the power grid. Fig. 2.1 shows the half-bridge
single phase, the full-bridge single phase, and the three-phase two-level inverter
topologies.

Fig. 2.1. Traditional power converter topology for grid integration of renewable energy
sources (a) Half-bridge single phase, (b) full bridge single phase, and (c) three-phase twolevel inverter topologies.

Fig. 2.1 (a) shows a half-bridge single-phase inverter. The half-bridge single-phase
two-level inverter topology consists of two electronic switches (S1 and S2), two dc-link
capacitors (C1 and C2), and a dc voltage source (Vdc). Here, the two electronic switches
are complimentary in fashion. Therefore, when S1 is on then S2 must be off and vice
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versa. When S1 is on, then the voltage across the C1 capacitor appears at the output
terminal which is +Vdc/2. Similarly, when S2 is on, then the voltage across the C2
capacitor appears at the output terminal which is -Vdc/2. By using the pulse width
modulation technique, the average value at the output terminal can be varied between
+Vdc/2 and -Vdc/2. Traditionally, a sinusoidal reference signal is compared with a highfrequency triangular carrier signal and the corresponding gate pulses are generated for
the electronic switches to achieve sinusoidal voltage across the output terminals. The
mathematical expression of a PWM output signal with switching and output frequency
can be expressed as:
F (t ) 
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(2.1)

(carrier sideband harmonics)

Here, the PWM switched signal consists of three parts: (a) dc offset, fundamental &
baseband harmonics, (b) carrier harmonics, and (c) carrier sideband harmonics. Detailed
explanation and derivation of (2.1) can be found in [37].
Fig. 2.1(b) shows a grid-connected full-bridge single-phase inverter. The full-bridge
single-phase two-level inverter topology generates the same output waveform using four
electronic switches. The main difference is the dc bus voltage utilization. The full-bridge
inverter can utilize the dc bus voltage up to 100% and the half-bridge inverter can utilize
the dc bus voltage up to 50% of the input dc voltage. For the full bridge single phase twolevel inverter topology, the two terminals in the output are connected to the middle points
of the left-hand leg and the right-hand leg of the bridge circuit, respectively. Here, S1 and
S4 need to be turned on to obtain +Vdc at the output terminal and S2 and S3 need to be
turned on to obtain -Vdc at the output terminal.
Fig. 2.2 shows the sinusoidal pulse width modulation technique with the
corresponding output voltage waveforms for the full-bridge single-phase two-level
inverter. A sinusoidal reference signal is compared with the high-frequency triangular
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carrier and the corresponding insulated gate bipolar transistors (IGBTs) are switched
accordingly.

Fig. 2.2. Sinusoidal pulse width modulation technique showing the output voltage
waveforms for the full-bridge single-phase two-level inverter.

Fig. 2.3. Sinusoidal pulse width modulation technique and the output voltage of the threephase two-level inverter.
Fig. 2.2 also shows the leg voltage waveforms, Van and Vbn, for the full-bridge singlephase two-level inverter. The output terminal voltage waveform of the half-bridge single17

phase two-level inverter is the same as the output terminal voltage waveform of a fullbridge single-phase inverter except for the amplitude of the voltage. The peak value of
the output voltage of the half-bridge single two-level phase inverter is half of the peak
value of the output voltage of the full-bridge single-phase two-level inverter.
Fig. 2.4 shows the gate pulse generation technique for a single-phase full-bridge
inverter in MATLAB\Simulink environment. Here, Fm is the reference signal frequency
and Fc is the carrier frequency. The modulation index is considered as 1 in this case. Gate
pulses for four switches will cause the full-bridge inverter to generate Van, Vbn, and Vab
voltages, shown in Fig. 2.2.

Fig. 2.4. Gate pulse generation technique for single-phase full-bridge inverter in
MATLAB\Simulink environment.

Fig. 2.5. Gate pulse generation technique for a two-level three-phase inverter in
MATLAB\Simulink environment.
A two-level three-phase inverter, as shown in Fig. 2.1(c), consists of three legs where
each leg consists of two electronic switches. Here, the operation of each leg is similar to
the operation of the half-bridge converter. However, the legs are controlled by three
different sinusoidal modulating signals. Fig. 2.3 shows the sinusoidal pulse width
modulation technique and the output voltage waveforms of the three-phase two-level
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inverter. Fig. 2.5 shows the gate pulse generation technique for a two-level three-phase
inverter in MATLAB\Simulink environment. Here, three sinusoidal reference signals are
generated which are 1200 phase-shifted and then compared with a high-frequency carrier
wave to generate the gate pulses for six electronic switches. These gate pulses for six
switches will cause the two-level three-phase inverter to generate Van, Vbn, and Vab
voltages, shown in Fig. 2.3.

Fig. 2.6. The frequency spectrum of (a) the output voltage of the full-bridge single-phase
two-level inverter and (b) the output line voltage of the three-phase two-level inverter.

In the three-phase two-level inverter, the peak voltage of the line-to-line voltage is
the same as the dc bus voltage. Here, three sinusoidal signals are used as a reference and
one single high-frequency triangular signal is used as a carrier signal. The three
sinusoidal reference signals are used to drive the three legs independently.
Fig. 2.6 shows the frequency spectrum of the output voltages of the full-bridge
single-phase two-level inverter and the three-phase two-level inverter for a carrier
frequency of 1 kHz and the modulation index of 1. The total harmonic distortion (THD)
of the output voltage of a full-bridge single-phase two-level inverter is around 99.62%
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and the THD of the line voltage output of a three-phase two-level inverter is around
68.52%.

2.3

MULTILEVEL

INVERTERS

FOR

TRANSFORMERLESS

GRID

INTEGRATION OF RENEWABLE ENERGY SOURCES
The issue with the two-level inverter topologies is the high THD of the output
voltage waveform and thus a larger size of the filter is required. Moreover, two-level
inverters are not suitable for direct high voltage grid integration due to the IGBT ratings.
The multilevel inverters offer better output quality compared to that from the two-level
inverter and also offer direct high voltage grid integration.
The main conventional multilevel inverter topologies are the cascaded H-bridge, the
neutral point clamp, and the flying-capacitor multilevel inverter topologies. As the
number of levels increases in the multilevel inverter topologies, the number of devices
increases significantly.

Fig. 2.7. H-bridge multilevel inverter topology.
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Fig. 2.7 shows the H-bridge multilevel inverter topology. A seven-level three-phase
cascaded H-bridge multilevel inverter topology requires 9 dc power sources and 36
switching devices [7]. Here, a single H-bridge unit can develop three voltage levels +Vdc,
-Vdc, and 0. Thus by cascading the H-bridge converters, a higher output voltage can be
obtained. In the cascaded H-bridge multilevel inverter topology, the advantage is the
number of possible output voltage levels is more than twice the number of dc sources. If
there are K number of dc sources, then the number of levels will be 2K+1. Another
advantage is, the series combination of the H-bridge circuits allows the topology layout
to be modularized for packaging. This enables the manufacturing procedure to be
completed more quickly and cheaply. The main disadvantage of this H-bridge multilevel
inverter topology is, a separate and balanced dc voltage source is needed for each of the
H-bridge circuits.

Fig. 2.8. Seven-level neutral point clamp multilevel inverter topology.
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Fig. 2.8 shows the seven-level neutral point clamp multilevel inverter topology. A
seven-level three-phase neutral point clamp multilevel inverter topology requires 36
switching devices, 30 diodes, 6 dc-link capacitors, and 1 dc power source [7], [38]. In
general, this topology requires 1 dc power source, (2m-2)×3 switching devices, (m-1)×3
dc-link capacitors, and (2m-4)×3 clamping diodes to develop a three-phase m-level
inverter.
The main advantage of the neutral point clamp multilevel inverter is that the
capacitance requirement of this power converter topology is low because all the phases
share a common dc bus voltage. Therefore, a back-to-back power converter topology is
not only possible but also realistic in a high-voltage back-to-back integration or an
adjustable speed drive. Here, the capacitors can be pre-charged as a group. The efficiency
of the neutral point clamp multilevel inverter is relatively high. The main disadvantage
of the neutral point clamp inverter is, the active power ﬂow is critical for a single power
inverter due to the overcharging or discharging tendency of the intermediate dc levels
without precise monitoring and control. Moreover, in this topology, the number of
clamping diodes requirement is quadratically related to the number of levels, which can
make the system bulky for a higher number of voltage levels.
Fig. 2.9 shows the seven-level flying capacitor multilevel inverter topology. The
structure of the flying capacitor multilevel inverter is like that of the neutral point clamp
multilevel inverter except that the inverter requires capacitors instead of clamping diodes.
In this topology, the dc side capacitors form a ladder structure, where the voltage across
each capacitor differs from that of the next capacitor. The voltage change between the
two nearby capacitor legs determines the number of the voltage steps in the output
waveform. The m-level three-phase flying capacitor multilevel inverter topology requires
1 dc source, (2m-2)×3 switching devices, 3×(m − 1) dc-link capacitors, and 3×(m − 1) ×
(m − 2)/2 auxiliary capacitors.
The advantages of the flying capacitor multilevel inverter are the availability of
phase redundancies for capacitor voltage balancing, the control of real and reactive power
flow, and the ability of the multilevel inverter to ride through short-duration outages and
deep voltage sags due to having such a large number of capacitors.
The disadvantages of the flying capacitor multilevel inverter topology are: (i) the
complex control required to maintain the voltages across the capacitors, (ii) the
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complexity of pre-charging all of the capacitors to the same voltage level during the startup process, (iii) the poor switching utilization, (iv) the poor efﬁciency for real power
transmission, (v) the resulting bulky system due to a large number of capacitors, and (vi)
the difficulty in packaging for a high number of voltage levels.

Fig. 2.9. Seven-level flying capacitor multilevel inverter topology.
Fig. 2.10 shows the output phase voltage waveform, the frequency spectrum of the
output phase voltage waveform, the line voltage waveform, and the frequency spectrum
of the line voltage waveform for the H-bridge seven-level inverter. Here, the input dc
voltage for the H-bridge units is considered as 100 V. The switching technique is the
sinusoidal pulse width modulation with 1 kHz carrier frequency. The THD of the phase
voltage waveform is 17.83% and the THD of the line voltage waveform is 10.64%.
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Fig. 2.10. H-bridge seven-level inverter: (a) phase voltage, (b) phase voltage frequency
spectrum, (c) line voltage, and (d) line voltage frequency spectrum.

The neutral point clamp and the flying capacitor clamp multilevel inverters will show
the same time domain and frequency domain response as those from the H-bridge
multilevel inverter. Here, for the neutral point clamp and the flying capacitor multilevel
inverters, the magnitude of the dc voltage source needs to be 600 V to generate the same
output as the H-bridge multilevel inverter.
Table 2.1 shows the comparison of three basic 7-Level three-phase converters in
terms of the number of components. The cascaded H bridge converter requires 9 isolated
balanced dc power sources to form a 7-level three-phase inverter. However, diode
clamped and capacitor clamped multilevel inverters require only one dc power source to
form a 7-level three-phase inverter. All three topologies use the same number of IGBTs,
however, diode clamped and capacitor clamped topologies require diodes and capacitors
compared to H bridge topology as shown in Table 2.1.
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Table 2.1
Comparison of Three Basic 7-Level Three-Phase Converters in Terms of Number of
Components
Number of
Converters
Sources
Cascaded Hbridge
Diode
clamped
Capacitor
clamped

IGBTs

Capacitors

Diodes

9

36

-

-

1

36

6

30

1

36

63

-

For multilevel inverters, there are two basic carrier-based PWM schemes (a) the
level-shifted carrier scheme and (b) the phase-shifted carrier scheme.

Fig. 2.11. Level-shifted scheme for a 15-level inverter.
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Fig. 2.12. Phase-shifted scheme for a 15-level inverter.

Fig. 2.13. Gate pulse generation for level-shifted PWM in the MATLAB software.
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Fig. 2.11 shows the level-shifted carrier scheme for a 15-level inverter and Fig. 2.12
shows the phase-shifted carrier scheme for a 15-level inverter. A 15-level inverter
requires 14 carrier waves and one modulating signal. The modulating signal is compared
with the 14 carrier waves and the corresponding gate pulses are produced. By comparing
the carrier and the modulating signal, two gate pulses can be obtained. Thus, by
comparing 14 carriers and the modulating signal, 28 gate pulses can be produced. Fig.
2.13 shows the gate pulse generation for the level-shifted PWM modelled in the
MATLAB/Simulink environment.

Fig. 2.14. Gate pulse generation for the phase-shifted PWM in the MATLAB software
environment.
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Fig. 2.15. H-bridge 15-level inverter with level shifted carrier scheme: (a) output phase
voltage (b) frequency spectrum of the output voltage.

Fig. 2.16. H-bridge 15-level inverter with phase-shifted carrier scheme: (a) output phase
voltage (b) frequency spectrum of the output voltage.
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Fig. 2.14 shows the gate pulse generation for the phase-shifted PWM simulated in
the MATLAB software environment. Here, Fm is the fundamental frequency and, Fc is
the carrier frequency. Fig. 2.15 shows the output phase voltage and its frequency
spectrum for the level-shifted carrier scheme in a 15-level cascaded H-bridge inverter.
Fig. 2.16 shows the output phase voltage waveform and its frequency spectrum for
the level-shifted carrier scheme in a 15-level cascaded H-bridge inverter. Here, for the
same power converter topology and the same reference signal, the power converter
output is different due to the different carrier schemes. The THDs of the output voltage
waveform of the level-shifted carrier scheme and the phase-shifted carrier scheme are
8.04% and 8.23% respectively. Therefore, the level-shifted carrier-based PWM shows a
better spectra property than that from the phase-shifted carrier-based PWM.
There are three alternative PWM strategies with different phase relationships for the
level-shifted multicarrier modulation:
1) In-phase disposition (IPD), where all carrier waveforms are in phase.
2) Phase opposition disposition (POD), where all carrier wave-forms above zero
reference are in phase are 1800 out of phase with those below zero.
3) Alternate phase disposition (APOD), where every carrier waveform is out of
phase with its neighbour carrier by 1800.
The performance of these carrier-based PWM techniques is analyzed in [8] and the
in-phase disposition shows the best performance among the three carrier-based
modulation schemes.
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Fig. 2.17.

Isolated medium-voltage hybrid CHB converter.
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Fig. 2.18.

Cyclo-converter-based modified CHB converter.
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2.4 MAGNETIC-LINKED POWER CONVERTERS FOR GRID INTEGRATION
OF RENEWABLE ENERGY SOURCES

The high-frequency magnetic-linked power converters improve the power
conversion efficiency compared to the power frequency transformer-based power
conversion systems. The magnetic link also provides galvanic isolation and can also
generate multiple isolated balanced dc voltage sources. Compared with the conventional
power frequency transformers, the high-frequency transformers have much smaller and
lighter magnetic cores and windings, and thus much lower costs [9]. For the fabrication
of high-frequency transformers, the amorphous material has excellent magnetic
characteristics, such as high saturation flux density and relatively low specific core losses
at medium to high frequencies [10]. The commercially available amorphous material is
Metglas (e.g., the Metglas alloys 2605S3A and 2605SA1), which is manufactured by
Hitachi Metals. The saturation flux density of the Metglas alloy 2605S3A is 1.41 T and
the specific core loss at 10 kHz sinusoidal excitation of 0.5 T is 20 W/kg [11]. Due to the
system requirements and recent advances in power semiconductor devices and magnetic
materials, the power electronic transformer (PET) has been receiving significant attention
in the last two decades. Today, the MVA-level PET has become a reality. In fact, there
are currently various MVA-level PETs in practical applications. For example, a 1.2MVA PET is currently in use by the Swiss Federal Railways [12]. As a result, the
advanced magnetic material-based common high-frequency link may be the natural
choice to generate multiple isolated and balanced dc supplies for the multilevel
converters.
Fig. 2.17 shows the circuit topology of a grid-connected medium voltage converter
with the cascaded H-bridge (CHB) topology in conjunction with isolated dc-dc
converters [13]. Here, the isolation is achieved using a high-frequency magnetic link,
which helps to supply the balanced dc sources and the galvanic isolation for the grid
integration.
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Fig. 2.19. Single-phase medium-voltage converter based on common dc-link for direct
grid integration of solar PV power plants.

The direct ac–ac conversion system (with the help of a cyclo-converter) may
decrease the energy conversion stage and boost the efficiency of the system. Fig. 2.18
shows the circuit CHB converter topology based on a cyclo-converter for integrating the
solar PV power plants with the medium-voltage grid [14]. Although the proposed
topology decreases the energy conversion stages, the number of switching device
requirements is still high.
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Fig. 2.20.

Single-phase medium-voltage converter based on common magnetic-link

for direct grid integration of solar PV power plants.

The operation of numerous PV arrays can cause a substantial voltage imbalance due
to the partial shading, the different ambient temperatures, the nonuniformity of the solar
irradiance, and the inconsistency in the solar module degradation among the PV arrays.
Several research articles proposed the use of a common dc-link as depicted in Fig. 2.19,
to reduce the voltage imbalance issue, e.g., a common dc-link for a medium-voltage solar
PV power converter is reported in [15]. This power converter topology based on the
common dc-link for direct integration of multiple sources has some serious issues, such
as the need for isolation and extra control strategy for solving the voltage imbalance and
the common mode issue [16], [17].
The common dc-link can be eliminated by using a common high-frequency magnetic
link, which eventually eliminates the use of the multiple isolated dc-dc power converters.
Recently, the common dc-link has been replaced by a high-frequency (10 kHz) common
magnetic link [11], [18], which inherently solves the need for multiple isolated dc-dc
converters and a common dc-link. In [19], [20], a 1 kV inverter was tested experimentally
with a magnetic-link operating at 6 kHz and reasonable outcomes were obtained. Fig.
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2.20 shows the proposed single-phase medium-voltage converter based on the common
magnetic link for direct grid integration of solar PV power plants.
However, the converter cost and reliability are affected due to the non-modularity of
the common magnetic-link power converters. Moreover, the power rating of a highfrequency magnetic-link converter topology is limited by the power handling capacity of
the electronic switching devices at high-frequency switching and the leakage inductances
of the magnetic link [21].
On the other hand, several identical four windings (one primary winding and three
secondary windings) high-frequency magnetic-links can be used in parallel. Here, the
primary windings of the magnetic links are excited using a single dc power source. This
concept of parallel operation of multiple high-frequency magnetic links enables an option
to use multiple low-power magnetic links as a replacement for a single high-power
magnetic link. Therefore, the modularity is increased, and the leakage inductance is
reduced with this magnetic-linked power converter topology. A modular 5 kVA, 1.2 kV
PV power converter was tested experimentally using two identical 2.5 kVA highfrequency magnetic links [1]. Fig. 2.21 shows the circuit topology of the proposed
medium-voltage PV power converter which is fully modular in construction.
Here, if one single module generates an ac output peak voltage of Vp, then by
connecting N modules in series the output peak voltage would be NVp. Therefore, by
connecting several modules, high voltages can be obtained to connect the multilevel
inverter with the medium voltage grid without stepping out with a power frequency
transformer.
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Fig. 2.21. Medium-voltage converter (three-phase) for direct grid integration of solar
PV power plants.

A new multilevel power converter topology named the modular multilevel converter
(MMC) was proposed in [22], which has the property of scalability and modularity
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similar to the CHB power converter topology but having a single dc source like the NPC
and the FC power converter topologies. The MMC topology is becoming popular due
because of its attractive features, such as the need for only a single dc power source,
internal power flow capability, high modularity, and scalability. The MMC is also
suitable for industrial medium-voltage power converter applications, such as motor
drives [23]–[25], high voltage dc transmission systems [26], and static synchronous
compensator (STATCOM) [27]. Although the MMC topology has been explored for
different applications in recent years, only a few research papers are focused on its
application in large-scale solar PV systems. A modular multilevel solar PV power
converter with the MMC topology has been developed in [28], where a series of
connected PV modules uses the common dc link.

Fig. 2.22. Fly-back isolated dc-dc medium voltage PV converter.
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A medium voltage solar PV power converter is presented in [29] using the H-bridge
cell-based MMC power converter topology. In this proposed power converter topology,
the fly-back converters are used to interconnect the PV modules with H-bridge cells. This
topology provides galvanic isolation to allow the grounding of the PV modules.
Fig. 2.22 depicts the circuit diagram of the proposed fly-back isolated dc-dc PV
converter for medium voltage applications. A dual active bridge (DAB) isolated dc-dc
power converter was proposed in [30] to interconnect the PV modules with the halfbridge cells of the MMC topology. This isolated DAB power converter enables the
distributed MPPT functionality and the grounding of the PV modules. Fig. 2.23 depicts
the circuit topology of the proposed DAB isolated dc-dc PV power converter for medium
voltage applications. Table 2.2 presents the performance metrics of different magneticlinked power converter topologies.

Fig. 2.23. DAB isolated dc-dc medium voltage PV converter.
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Table 2.2
Performance matrix of the magnetic linked-power converter topologies
Performance indicator
Converter
Distributed

Large dc-

Galvanic

Easily

Simple

MPPT

link

isolation

scalable

control

Fig. 2.17

Yes

No

Yes

Yes

No

Fig. 2.19

Yes

No

Yes

Yes

No

Fig. 2.20

Yes

No

Yes

Yes

Yes

Fig. 2.21

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

No

topology

Fig. 2.22,
Fig. 2.23

2.5 SWITCHING TECHNIQUES FOR THE MAGNETIC-LINKED POWER
CONVERTERS
The PWM switching strategy is the most commonly investigated and applied due to
its better performance and is easier to implement. Using the PWM technique, the gate
pulses for the electronic switches can be easily generated by comparing the fundamentalfrequency (50 Hz or 60 Hz) reference signal with the high-frequency carrier signals
(usually triangular waveform). The sinusoidal PWM (SPWM) is the most commonly
used switching technique, where a pure sinusoidal signal is used as a modulating signal.
To reduce the third harmonic component and the multiples of the third harmonic
component at the output voltage waveform, a triplen harmonic is injected into the pure
sinusoidal modulating signal and this strategy is often referred to as the third harmonic
injected PWM (THPWM). The space-vector-based hybrid PWM technique, often called
the conventional space-vector PWM (CSVPWM), was proposed in [31] to reduce
harmonic distortion.
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Fig. 2.24. Modulating signals corresponds to (a) SPWM, (b) CSVPWM, (c) THPWM,
(d) SDBCPWM, (e) TDBCPWM, (g) THSDBCPWM, (h) THTDBCPWM, and (f)
TRPWM.
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Fig. 2.25. Output line voltage corresponds to (a) SPWM, (b) CSVPWM, (c) THPWM,
(d) SDBCPWM, (e) TDBCPWM, (g) THSDBCPWM, (h) THTDBCPWM, and (f)
TRPWM.
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Fig. 2.26. Frequency spectrum corresponds to (a) SPWM, (b) CSVPWM, (c) THPWM,
(d) SDBCPWM, (e) TDBCPWM, (g) THSDBCPWM, (h) THTDBCPWM, and (f)
TRPWM.
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The trapezoidal signal with long flattened top and bottom can also be used as the
reference signal, such method is often referred to as the trapezoidal PWM (TRPWM)
technique, where due to the flattening top and bottom portions, the switching loss of the
electronic switches is reduced, but this switching technique produces a high THD
compared to those from the other switching strategies.
The flattened top and bottom portion in the reference signal can also be obtained by
clamping the sinusoidal reference signal to a fixed value. In the sixty-degree PWM
(SDPWM) technique, the sinusoidal reference signal is flattened for a period of 60o. The
discontinuous reference signal-based PWM technique is often known as the busclamping PWM (BCPWM). The BCPWM techniques were also well studied for
multilevel medium voltage applications, especially to reduce the converter losses [32].
The sixty-degree BCPWM (SDBCPWM) and the thirty-degree BCPWM (TDBCPWM)
are the most common forms of the BCPWM switching techniques. Recently, the third
harmonic injected SDBCPWM (THSDBCPWM) and the third harmonic injected
TDBCPWM (THTDBCPWM) techniques have been proposed to ensure the quality of
the output power and to reduce the converter losses [1].
Fig. 2.24 shows different modulating signals for power converters. The
mathematical expressions for these modulating signals are presented in chapter 5. Fig.
2.25 shows the output line voltages of an 11 kV 15-level H-bridge multilevel inverter for
different switching schemes. Here, the carrier frequency used is 4 kHz and the levelshifted carrier scheme has been considered for the simulation. Fig. 2.26 shows the
frequency spectrum of the output line voltages of an 11 kV 15-level H-bridge inverter
for different switching schemes.
Here, the THD of output line voltages for CSVPWM, SPPWM, THPWM,
SDBCPWM, TDBCPWM, TRPWM, THSDBCPWM, and THTDBCPWM switching
techniques are 4.02%, 4.63%, 4.13%, 4.64%, 4.63%, 4.8%, 4.12% and 3.97%,
respectively. The TRPWM produces the highest and the THTDBCPWM produces the
lowest THD among the switching techniques. Fig. 2.27 shows the THD for different
modulation indices with different switching schemes. The value of the THD reduces with
the increase of the modulation index as depicted in Fig. 2.27. Fig. 2.28 shows the THDs
for different modulation schemes with different multilevel inverters when the modulation
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index is 1. The THD reduces with the increase in the number of levels in the multilevel
inverter.

Fig. 2.27. THD versus modulation index for different modulation schemes.

Fig. 2.28. THD for different modulation schemes with different multilevel inverters.
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2.6 MODELLING OF INVERTER LOSSES
The inverter loss includes the conduction loss and the switching loss. For an IGBT
module, the conduction loss occurs due to the conduction of the switch and the antiparallel diode of the IGBT. The switching loss occurs due to the switch turn-on, the
switch turn-off, the diode turn-on, and the diode turn-off operation. For the modern fast
recovery diode, the turn-on loss is negligible. For the evaluation of inverter loss, the
corresponding IGBTs data sheet is used. For the loss evaluation of a particular insulated
gate bipolar transistor (IGBT) module, such as the 5SNA 1200G450300 from ABB
HiPak, the characteristics curves from the datasheet [33] are used, a 5th order polynomial
equation is deduced using the curve fitting tool in the MATLAB environment.
2.6.1 CONDUCTION LOSS ANALYSIS
In the MATLAB/Simulink model, the switch current due to switching only the
switch and the switch current due to switching only the diode is obtained separately. The
positive portion of the on-state device current represents the switch current due to
switching only the switch, and the negative portion represents the switch current due to
switching only the diode. Using the typical IGBT on-state characteristics curve and
typical diode forward characteristics curve, 5th order polynomial equations can be used
to fit the curves. The obtained 5th order polynomial equations can then be used to derive
the voltages across the switch and diode. Then using (2.2) and (2.3) conduction losses of
an IGBT are calculated. The 5th order polynomial equations of Fig. 2.29 (a) and (b) are

vce  1.157 1016 ic5  8.369 1013 ic 4  2.382 109 ic3
 3.445 106 ic2  0.00417ic  0.8435

(2.2)

and

vF  2.272 1016 iF 5  1.605 1012 iF 4  4.356 109 iF 3
 5.866 106 iF 2  0.005096iF  1.012

(2.3)

where ic and iF are in (A) and Vce & VF are in (V).
The average conduction loss for the switch and diode can be calculated from [1],
[34]–[36].

45

2π
Pscl  1  [vce (t) ic (t)] d(wt)
2π 0

(2.4)

and
2π
Pdcl  1  [vF (t) iF (t)] d(wt)
2π 0

(2.5)

If there are N numbers of IGBTs then the total conduction loss can be calculated
from [1], [34]–[36].
N

Pcond   [ Pscl (k )  Pdcl (k )]
k 1

(2.6)

Fig. 2.29. (a) Typical IGBT on-state characteristics (b) typical diode forward
characteristics (c) typical energy loss per pulse vs collector current (d) typical reverse
recovery characteristics vs the forward current.
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2.6.2 SWITCHING LOSS ANALYSIS
The switching loss depends upon the switching frequency and the current that is
going to be switched. IGBT datasheet provides the losses for different switched currents.
The 5th order polynomial equation of switch turn on energy and switch turn off energy as
a function of current is stated below.

Eon  5.6 1031ic5  6.248 1027 ic 4  2.2711012 ic3
 1.246 106 ic 2  0.00167ic  0.5393

(2.7)

and

Eoff  7.19 1032 ic5  1.599 1026 ic4  1.059 1012 ic3
 3.129 108 ic2  0.004402ic  0.6595

(2.8)

where ic is in (A) and Eon & Eoff are in (J).
The 5th order polynomial equation for the diode turn-off loss as a function of diode
current can be expressed as follows

Erec  1.059 1027 iF 5  8.346 1024 iF 4  5.942 109 iF 3
 0.0006143iF 2  2.989iF  82.21

(2.9)

where iF is in (A) and Erec is in (mJ).
The IGBT switching loss and diode reverse recovery loss for a fundamental period
To can be expressed as
N
PSL  1  ( Eon j (ic )  Eoff (ic ))
j
T0 k 1

(2.10)

and
N
PrrL  1  Erec j (iF )
T0 k 1
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(2.11)

Fig. 2.30. Comparison of total power losses with different modulation schemes.

Fig. 2.31. Losses of two advance modulations a) THTDBCPWM b) THSDBCPWM.
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Fig. 2.32. Switching losses of different modulation schemes as a percentage of input.

Fig. 2.30 shows the comparison of total power losses for different modulation
schemes. Fig. 2.30 shows that with the increase of modulation index the total power loss
decreases. Fig. 2.31 shows power losses for different THTDBCWM and THSDBCPWM
switching techniques.
The advanced modulation technique THSDBCPWM scheme shows the lowest total
power loss. However, the other THTDBCPWM scheme gives the best harmonic
performance (THD 3.97%) among the conventional modulation schemes. Here, the
conduction losses increase during the flattened intervals of the advanced BCPWM
technique, but the rate of increase of the conduction loss is comparatively lower than the
rate of reduction of the switching loss. Therefore, total losses with the THSDBCPWM
scheme are still lower than those from the other conventional schemes. Fig. 2.32 shows
the switching losses for different modulation schemes, where the SPPWM and the
THSDBCPWM techniques show the highest and the lowest switching loss respectively
among the different modulation schemes.
2.7 Discussion:
As the THSDBCPWM and THTDBCPWM show better performance in a threephase system compared to the traditional switching techniques, an investigation is
required for the single-phase system to design the proper clamping position of the
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modulating signal. Moreover, how the third harmonic injected bus clamping modulation
technique supports the system with proper reactive power, needs to be investigated. The
experimental investigation on the thermal stress is also needed to be investigated for this
third harmonic injected bus clamping modulation technique. Here, for the medium/high
voltage grid integration of the renewable energy sources, the magnetic linked H-bridge
and MMC are the popular circuit topology. However, the H-bridge and the MMC require
multiple balanced dc power sources and electronic components for their operation.
Therefore, the design of a new magnetic multilevel inverter with a reduced number of
balanced dc power sources and electronic components can make a power conversion
system more efficient and reliable.
This chapter shows the comparative analysis of traditional two-level inverter topology,
multilevel inverter topology, some recent converter topologies for grid integration of
renewable energy sources. This chapter investigates the performance of different pulse
width modulation techniques in terms of THD and converter losses. This chapter also
shows the detailed calculation procedure for switching and conduction loss analysis.
Based on the comparative analysis this chapter suggests a potential direction of research
as well.

2.8 CONCLUSION
In this chapter, different power converter topologies for applications in gridconnected renewable energy sources have been reviewed. Also, the performance of
different switching algorithms is compared for different power converter topologies. The
cascaded H-bridge and the modular multilevel inverters are the most promising
topologies for the development of grid-connected power converters. The third harmonic
injected bus clamping switching technique can reduce the harmonics at the output voltage
and reduce the power converter losses. The high-frequency magnetic link can inherently
solve the voltage balancing issues in the multilevel inverter topology. Thus, further
research to design advanced high-frequency magnetic link and multilevel converter
technologies will be a promising research area to make the grid-connected power
conversion system more compact, reliable, and efficient.
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Chapter 3
A THIRD HARMONIC INJECTED EQUAL
LOADING NINETY-DEGREE CLAMP PULSE
WIDTH MODULATION TECHNIQUE FOR
SINGLE-PHASE VOLTAGE SOURCE INVERTER
TO INTEGRATE SMES INTO LOW VOLTAGE
DISTRIBUTION

ABSTRACT
Nowadays, the grid integrated superconducting magnetic energy storage (SMES) has
received significant attention due to its short delay during the charging and discharging
process for the stable operation of the micro-grid. The energy conversion efficiency of
the SMES mainly depends upon the switching algorithm of its power conditioning
system (PCS). Traditional modulation techniques can cause considerable losses and poor
conversion efficiency. In this chapter, an advanced pulse width modulation technique for
an inverter for use with an SMES integrated with the single-phase low voltage
distribution grid is proposed, which provides a lower total harmonic distortion and
reduced power conversion losses. The proposed technique improves the performance of
the power conditioning system of SMES by reducing energy consumption from the
SMES during short circuit fault, voltage collapse, etc. The proposed algorithm is also
verified in a laboratory test platform.

3.1 INTRODUCTION
Solar and wind are promising renewable energy sources [1]–[3] to mitigate the
impact of the ever-increasing energy demand of modern life. The effective integration of
these renewable energy sources with the grid has been investigated and reported in the
literature [2]. One of the solutions is the potential use of superconductors for the grid
integration of renewable sources [3]. The high temperature superconducting (HTS)
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devices [4]–[7], such as the HTS superconducting magnetic energy storage (SMES), have
drawn ample attraction because of their quick power response, high energy efficiency,
and great controllability [8]–[11]. An SMES unit is capable to track the power system
load variations instantaneously, resulting in almost a constant output from the power
generating units [12]. An SMES unit also acts as a good resource to reduce the impact of
the voltage and power fluctuations of the intermittent distributed energy sources
connected to the distribution grid due to its capability to control both active and reactive
power simultaneously.
An SMES unit consists of a superconducting magnet, a cryostat vessel, a cryogenic
system, a dc-dc chopper, and a power conditioning system (PCS). The PCS controls the
flow of the power between the grid and the SMES unit. Three kinds of PCS are available
for SMES, namely, the current source converter (CSC)-based PCS [13], the voltage
source converter (VSC)-based PCS [14], and the thyristor-based PCS [15]. The CSCand VSC-based SMES can control both active and reactive power, whereas only active
power can be controlled using thyristor-based SMES.
Many studies have considered the HTS-SMES as one of the promising technology
for future smart energy storage solutions, especially in high voltage applications. This
chapter aims to present the use of HTS-SMES in low voltage applications. In this chapter,
a VSC-based SMES with advanced pulse width modulation (PWM) technique is
proposed for integration into the low voltage distribution grid. The conventional
switching techniques for VSC, such as the bipolar PWM (BPPWM) [16], the unipolar
PWM (UPPWM) [16], the unequal loading bus clamping PWM (ULBCPWM) [17], and
the equal loading bus clamping PWM (ELBCPWM) [17], can cause considerable losses.
This chapter proposes a third harmonic injected equal loading ninety-degree clamp PWM
(THELNDCPWM) technique, which can result in a lower total harmonic distortion
(THD) and lower power losses during the SMES discharging period. The proposed
switching technique is also verified experimentally.

3.2 SYSTEM DESCRIPTION
Fig. 3.1 shows the control strategy of the THELNDCPWM for the PCS of the SMES
unit integrated with the low voltage distribution grid. In this chapter, the power ratings
of the PV array and the SMES unit are considered to be 10 kW and 2.5 kJ, respectively.
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Maintaining 230 V at the common coupling point (PCC) is one of the objective functions
of the proposed control strategy. The University of Wollongong has developed a 2.5 kJ
SMES prototype in 2005, which is suitable for integration into the low voltage
distribution grid [18].

Fig. 3.1. The proposed power conditioning system for SMES unit to integrate with the
low voltage distribution.
Table 3.1
SMES coil Characteristics
Parameters

HTS-SMES

Energy capacity (kJ)

2.5

Inner radius (cm)

38

Outer radius (cm)

43.6

Height (cm)

11.6

The total length of tape (cm)

200000

Inductance (H)

0.345

Critical current at 25 K (A)

120

Maximum perpendicular field (mT)

695
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The SMES coil was wound using BSCCO-2223 HTS tape. The coil has a critical
current of 20A (at 77°K) and 90 A (at 30°K). The final operating temperature of the coil
is 25°K. The cryogenic system allows the superconducting coil to operate at 25°K via
the conduction cooling method. The design characteristics of the SMES coil are
presented in Table 3.1.
The H-bridge converter connected to the SMES unit is a bi-directional converter.
The converter is controlled by a dual loop controller when it acts as an inverter. The dclink voltage is controlled by the outer loop controller to follow the reference voltage Vref.
The outer loop controller generates the peak value Iref of the reference current iref for the
inner loop controller. Using a phase-locked loop (PLL), the dc voltage controller
reference current iref is calculated for the current controller. The current controller
regulates the current of the inverter according to the reference current iref by generating
the modulation index (m), frequency (ω), and phase (φ) for the proposed modulating
signal (MS) of the THELNDCPWM technique. Switching gate pulses for the insulated
gate bipolar transistors (IGBTs) are generated by comparing the proposed MS with a
high-frequency triangular carrier signal.
The same H-bridge converter can be controlled as a rectifier when it is required to
charge the SMES unit. The SMES unit can be operated into charging mode, discharging
mode, and standby mode by adjusting the duty cycle of the dc-dc chopper circuit. If the
value of duty cycle (D) is 0.5 the SMES is in the standby mode and when the duty cycle
is greater than 0.5 or less than 0.5, the SMES unit is either in charging or in discharging
mode. This duty cycle, D, is compared with the saw-tooth signal, and the corresponding
gate pulses for the dc-dc chopper circuit are generated.
Fig. 3.2 shows the switch operations during the charging, standby, or discharging
modes of the SMES coil. During the charging mode, the switch Sb is kept in the ON state,
and switch Sa is turned ON or OFF every cycle as shown in Fig. 3.2(a). At the time of
charging the relationship between the voltage across the SMES coil (Vsmes) and the dclink capacitor voltage can be expressed as:

Vsmes  DVdc
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(3.1)

Fig. 3.2.

Control technique of SMES: (a) charging mode (b) standby mode (c)

discharging mode.

During the standby mode, one of the two switches is ON. In this case, the SMES
current circulates in a closed-loop as shown in Fig. 3.2(b). A bypass switch can be used
to minimize the power losses during this mode.
During the discharging mode as shown in Fig. 3.2(c), the switch Sb is kept OFF and
the duty cycle of Sa is varied depending upon the rate of discharge requirement. The
voltage relationship between the dc-link capacitor and the SMES coil during the
discharge period can be expressed as:

Vsmes  (1  D)Vdc

(3.2)

3.3 CONVENTIONAL SWITCHING TECHNIQUES FOR VSC-BASED SMES
INVERTER
The most popular switching technique for the VSC-based SMES is the sinusoidal pulse
width modulation technique. Fig. 3.3(a) represents BPPWM, where a single sinusoidal
waveform is compared with the high-frequency carrier to generate relevant gate pulses.
On the other hand, UPPWM uses two sinusoidal waveforms, which are out of phase as
shown in Fig. 3.3(b). These two waveforms are used to control each leg of the inverter
independently. Fig. 3.3(c) represents the ULBCPWM which is the improved version of
UPPWM.
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Fig. 3.3.

Modulating signal with: (a) BPPWM (b) UPPWM (c) ULBCPWM (d)

ELBCPWM.
A common-mode signal (CMS) is added to UPPWM, such that the modulating signal
becomes flat at the peak of the carrier. As the output voltage depends upon the difference
between the two modulating signals, the addition of CMS doesn’t affect the output
voltage. The flat portions can be made either in the positive peak or the negative peak of
the carrier. In these flat portions, there will be no switching of the switching devices.
Thus switching loss can be reduced without affecting the output voltage. The main
problem with ULBCPWM is that it causes unequal loading to the switching devices. The
ELBCPWM technique, as shown in Fig. 3.3(d), eliminates the problem of ULBCPWM.
In this case, the CMS is formed in such a fashion that the modulating signal becomes flat
in both the positive and the negative peaks of the carrier signal.

Fig. 3.4. Output voltage waveform with: (a) BPPWM (b) UPPWM (c) ULBCPWM (d)
ELBCPWM.
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Fig. 3.5. Frequency spectrum with: (a) BPPWM (b) UPPWM (c) ULBCPWM (d)
ELBCPWM.
Fig. 3.4 shows the output voltages and Fig. 3.5 shows the spectra properties of these
switching techniques with a carrier frequency of 1 kHz.
3.4 PROPOSED SWITCHING TECHNIQUE FOR VSC-BASED SMES
INVERTER
The proposed switching scheme which is suitable for the SMES is presented in Fig.
3.6. The modulating signal also uses two reference signals to drive the converter legs
independently. This scheme not only reduces the THD in the output voltage waveform
but also reduces the losses and helps to increase the lifetime of the SMES power
conditioning system. As the switching technique is third harmonic injected, it utilizes the
dc bus voltage 15% higher than the conventional PWM techniques. The first step to
design the proposed modulation scheme is to add a third harmonic signal (having 1/6
times the amplitude of the modulating signal) to a sinusoidal signal, as shown in Fig. 3.6.
As shown in Fig. 3.6, the phase of the resultant signal X1 is shifted by 180° and X2 is
formed. These X1 and X2 are called the third harmonic injected modulating signals and
can be expressed as follows.

X1  Asin(wt)  k sin(3wt)

(3.3)

X2 ( Asin(wt)  k sin(3wt))

(3.4)
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Fig. 3.6. Design of the proposed third harmonic injected equal loading ninety-degree
clamp pulse width modulation technique for SMES application.
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In the next step, the common-mode signals (CMS), V1 and V2, are formed from X1
and X2 where V1 and V2 are the maximum and minimum values of the third harmonic
injected modulated signals with respect to time. The CMS signal, V3, is formed by
subtracting V1 from the carrier peak value (Vc) and the CMS signal, V4, is formed by
subtracting V2 from the negative of the carrier peak value (-Vc). Then, V5 and V6 are
formed by multiplying V3 with f1(α) and V4 with f2(α), respectively, where, f1(α) and f2(α)
are periodic functions of α and defined as:
f1(α)  0 (when 0   90)
1 (when 90   180)

(3.5)

f 2 (α) 1 (when 0   90)
 0 (when 90   180)

(3.6)

In the next step, the CMS signal, V7, is formed by adding V5 and V6. Finally, the
signal, V7, is added with the third harmonic injected PWM signal to form the
THELNDCPWM. The reference signals M1 and M2 can be expressed as follows.
M 1  X 1  (Vc  max( X 1 , X 2 )) f 2 (α )
 (  Vc  min( X 1 , X 2 )) f1 (α)

(3.7)

M 2  X 2  (Vc  max( X 1 , X 2 )) f 2 (α)
 (  Vc  min( X 1 , X 2 )) f1(α)

(3.8)

The proposed scheme is based on the third harmonic injection, which causes lower
THD in the output voltage waveform and the waveform is clamped flat for 90° per half
cycle, where no switching loss takes place. As the proposed switching technique causes
lower THD and lowers switching losses, it is suitable for SMES applications compared
to other techniques.

3.5 SIMULATIONS AND EXPERIMENTAL RESULTS
The output voltage waveform and the spectra properties for the proposed
THELNDCPWM technique are shown in Fig. 3.7. The performance of the inverter such
as the THD, the switching, and the conduction losses are calculated and compared with
those from the other traditional modulation techniques. In the loss calculation, the switch
turn-on and turn-off losses and the diode turn-off losses (Son, Soff, Doff) are considered as
the switching losses. Also, the switch and diode conduction losses (Sc, Dc) are considered
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as conduction losses. The detailed procedure as explored in [19] is used to measure the
losses of the switching devices. Taking the 5SNA 1500E250300 IGBT from ASEA
Brown Boveri (ABB) (2.5 kV and 1,500 A) into consideration, different losses are
calculated and tabulated in Table 3.2, where all values are in percentage of the input
power of the inverter. From the table, it is clear that the proposed technique shows the
lowest THD and the lowest losses among the traditional modulation schemes.

Fig. 3.7.

(a) Output voltage waveform and (b) and its spectra property with

THELNDCPWM.
Table 3.2
Performance Comparison of Different Modulation Techniques (with a Carrier
Frequency of 1 kHz)
MS\Loss

Son

Soff

Doff

Sc

Dc

TIL

THD

BPPWM

0.096

0.261

0.115

0.138

0.033

0.643

99.62

UPPWM

0.102

0.251

0.121

0.138

0.034

0.646

52.06

ULBCPWM [17]

0.047

0.133

0.056

0.138

0.034

0.408

52.44

ELBCPWM [17]

0.047

0.133

0.057

0.138

0.034

0.409

52.35

THELNDCPWM 0.041

0.110

0.046

0.135

0.025

0.357

40.34

To observe the performance of the SMES power conditioning system, a short circuit
fault is considered in the MATLAB environment and the performance of SMES is
presented in Fig. 3.8. Fig. 3.8 (a) shows the active power (Pg) smoothing with the use of
SMES unit during a fault. The amount of voltage sag at the PCC and the dc-link of the
PV system can be reduced with the use of the SMES unit as shown in Fig. 3.8 (b) and
Fig. 3.8(c).
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Fig. 3.8. (a) The output power of PV: (b) voltage at the point of common coupling and
(c) voltage at dc-link of the PV system.

Fig. 3.9. Shows the response of the SMES coil during short circuit fault with
different modulation techniques. It is clear from Fig. 3.9 that the proposed
THELNDCPWM causes less amount of power drawn from the SMES than those from
the other switching techniques.
A 230 V rms inverter test platform is developed in the laboratory with 4 IGBTs as
shown in Fig. 3.10. The proposed switching technique is implemented with a digital
signal processor-based control circuit.
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Fig. 3.9. The response of the SMES coil during short circuit fault with different
modulation techniques.

Fig. 3.10. A photograph of the experimental test platform.

Fig. 3.11. Gate pulses for the IGBTs using the proposed THELNDCPWM.
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Fig. 3.11 shows the gate pulses for the IGBTs which are generated using the Texas
Instruments TMS320F28335 digital signal processor (DSP). Driver ICs TC4427A are
used to increase the voltage level to drive the IGBTs. Gate pulses 1 and 2 are used to
drive the left arm of the H-bridge inverter. On the other hand, gate pulses 3 and 4 are
used to drive the right arm of the same inverter. A proper dead band is maintained to
prevent the dc power supply from being short-circuited.

Fig. 3.12. Voltage and current waveform when the inverter operates at unity power factor
with the proposed THELNDCPWM: (a) before the filter and (b) after the filter.

Fig. 3.13. The frequency spectrum of the inverter voltage: (a) before the line filter and
(b) after the line filter.
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Fig. 3.14. When the inverter supplies the reactive power to the network with proposed
THELNDCPWM: (a) inverter voltage and current waveform, and (b) zoomed version of
inverter voltage and current waveform.

Fig. 3.12 shows the grid output voltage and current waveforms from the inverter of
the SMES with the proposed switching technique after the filter, which shows that both
waveforms are sinusoidal in nature. Fig. 3.13 shows the harmonic spectra of the output
voltage with THD less than 5%. Fig. 3.12 also shows that the measured voltage and
current waveforms from the SMES to the grid are in phase when the inverter operates at
unity power factor. In this chapter, the output current from the inverter is assumed
positive when it is supplying the grid. Fig. 3.14 shows the inverter voltage and current
waveform when the inverter supplies reactive power to the network using the proposed
THELNDCPWM. It is to be noted that, the digital data are collected from the
oscilloscope and the spectrum is plotted in the MATLAB environment. Experimental
results are highly similar to the simulation results.

3.6 CONCLUSION
The power conditioning system plays an important role in the energy conversion
efficiency of the SMES unit. The proposed switching algorithm shows a lower THD and
utilizes a 15% higher fundamental voltage with the same dc bus voltage. A reduced THD
will reduce the size of the filter associated with the SMES unit. The proposed technique
is also capable to reduce the inverter losses and the energy consumption during the
operation of the power conditioning system of the SMES. Thus the proposed algorithm
will contribute to a wider application of SMES due to its suitability, efficiency, and costeffectiveness.
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Chapter 4
A CURRENT PEAK POINT TRACKING THIRD
HARMONIC INJECTED BUS CLAMPING PULSE
WIDTH MODULATION TECHNIQUE FOR
TRANSFORMERLESS GRID-CONNECTED
INVERTER CIRCUITS USED IN SOLAR
PHOTOVOLTAIC SYSTEMS

ABSTRACT
This chapter presents an advanced pulse width modulation technique for effective active
and reactive power control in a transformerless H5 solar PV inverter. A new switching
scheme is also proposed in this chapter to reduce the switching loss compared to that
from the traditional switching scheme. The proposed current peak point tracking third
harmonic injected bus clamping pulse width modulation (CPPTTHBCPWM) technique
ensures better utilization of the dc bus voltage, lowers the THD, and lowers the converter
loss compared to the conventional modulation techniques. The proposed modulation
technique also reduces the thermal stress in the switching devices and increases the power
converter

lifetime.

The

proposed

modulation

technique

is

simulated

in

MATLAB/Simulink environment and validated in the laboratory using a reduced-scale
prototype test platform.

4.1 INTRODUCTION
Nowadays, the penetration of renewable energy systems into the power grid is
increasing day by day [1], [2]. Solar PV power is one of the emerging power sources
among the existing renewable energy systems to mitigate the increasing power demand
in an ecofriendly way [1], [2]. Some countries have set an ambitious target to have 100%
of their electricity supply from renewable energy sources [3]. To fulfil the target it is
important to develop efficient and reliable power converters to integrate renewable
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energy sources into the power grid. There are several topologies available to integrate
the solar PV power systems with the power grids, such as (i) bulky, costly, and less
efficient topologies using step-up power frequency transformer, which consists of several
power conversion stages [4], and (ii) transformerless topologies, which makes the power
conversion system more efficient [5]–[8].
However, when using transformerless topologies, a common-mode leakage current
flows through the parasitic capacitor of the PV panels to the ground, which induces both
serious safety issues and potential electromagnetic interference problems [9], [10]. The
H5 inverter topology is one of the most efficient transformerless topologies to suppress
the common-mode leakage current when integrating the PV power sources to the grid
[11]. The H5 inverter topology is a dc-based decoupling configuration, accomplished by
inserting a dc decoupling network in the dc side to provide the decoupled freewheeling
path. However, the traditional switching strategy of the H5 inverter topology causes
unequal switching and conduction losses among the power electronic switches in the H5
inverters [12], which can eventually reduce the lifetime of the power converter.
The conventional bipolar pulse width modulation (BPPWM) technique can eliminate
leakage current and provide reactive power support for the PV inverters [13]. However,
the reactive power control using the bipolar PWM causes high switching loss and makes
the system less efficient. Therefore, several transformerless PV inverter topologies utilize
the unipolar pulse width modulation (UPPWM) technique to control the reactive power
of the system [13]–[15]. In the case of H5 inverter topology, the PWM technique is
switched from UPPWM to BPPWM during the negative power region [16]. Although
reactive power control is obtained, the practical implementation is complex. Moreover,
the efficiency is low due to high current ripple and high switching loss. A switching
scheme has been proposed in [17], but this switching scheme faces some unnecessary
switching losses during the positive power region.
In this chapter, a proportional resonant controller based on the current peak point
tracking the third harmonic injected bus clamping pulse width modulation
(CPPTTHBCPWM) is proposed, which minimizes the power loss differences among the
power electronic switches and eventually increases the reliability of the H5 inverter. The
proportional resonant (PR) controller provides a high gain at a certain frequency
(resonant frequency) and a very low gain at other frequencies. The proposed proportional
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resonant controller with the advanced modulation technique will also help to reduce the
total harmonic distortion of the current injected into the grid, and thus the filter
component sizes can be significantly reduced. This chapter also proposes a new effective
switching scheme based on the phase difference between the grid voltage and current for
reactive power control in H5 inverters, which also reduces the temperature stress on the
switching devices.
The proposed technique is analyzed in MATLAB/Simulink environment to verify
the unequal loss distribution and the minimization of the power loss differences among
the switching devices using the proposed proportional resonant controller-based
advanced modulation technique. The proposed method is validated by comparing the
simulation and the experimental results with those using the traditional switching
strategies. In the laboratory experiment, the Testo 885 thermal imaging camera is used
to capture the heat distribution among the electronic switches for the proposed and the
traditional switching techniques to validate the superiority of the proposed modulation
technique over the traditional ones. The proposed modulation technique is studied in
terms of its active power and reactive power capability, common-mode voltage, leakage
current, and efficiency.
The main contributions of this chapter are:


An advanced pulse width modulation technique for transformerless solar PV
inverter;



A new switching scheme for reactive power control with the proposed PWM
technique.



Total harmonic distortion reduction in the output current waveform.



Reduction of total inverter loss



Reduction of temperature stress on the electronic switches.

4.2 OPERATION OF H5 INVERTERS
Fig. 4.1 shows a grid integrated H5 inverter topology for PV power plants. The H5
topology consists of an H-bridge inverter with an additional switch S5 on the positive
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terminal of the dc-link. There are four operating modes of this H5 inverter. These modes
are shown in Fig. 4.2. These modes explain how the H5 topology generates positive dc
voltage, negative dc voltage, and zero voltage at the terminal of the H5 inverter.

Fig. 4.1. Grid-connected H5 inverter topology for solar PV systems.

Fig. 4.2. Operating modes of H5 inverter topology: (a) Mode-1:- obtaining positive
voltage, (b) Mode-2:- freewheeling mode during the positive half cycle, (c) Mode-3:obtaining negative voltage, and (d) Mode-4:- freewheeling mode during the negative half
cycle.
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Due to the switching operations of the H5 inverter, the charging and discharging
process of the switch junction capacitors will cause the midpoint voltages of bridge arms;
i.e. common-mode voltage (VCMV), to fluctuate, which results in a large common-mode
current (iCMC) [18]. Before further discussion, it is helpful to define the VCMV and
differential-mode voltage (VDMV),
VCMV 

VON  VPN
2

(4.1)
(4.2)

VDMV  VOP  VON  VPN

According to [18], VDMV will also affect iCMC and produces an additional commonmode voltage VCMV-DMV defined in (4.3). Therefore, the total common-mode voltage,
(VCMVT) and iCMC can be expressed as (4.4) and (4.5).
VCMV  DMV 

VON  VPN
2



L2  L1
2( L2  L1 )

(4.3)

VCMVT  VCMV  VCMV  DMV
 VCMV 

VON  VPN
2



L2  L1
2( L2  L1 )

d
iCMC  C PV dt
(VCMVT )

(4.4)

(4.5)

where CPV is the equivalent parasitic capacitance.
Here, iCMC depends upon the VCMVT and if the inductances, L1 and L2, are equal, iCMC
will depend on VCMV only. Therefore, if VCMV is maintained constant, the iCMC will become
zero.
Fig. 4.3 shows the switching pulses when the H5 inverter operates at unity power
factor. Here, S1 and S3 remain in conduction mode or off mode, and S2, S4, and S5 remain
in switching mode based on the sinusoidal pulse width modulation technique.
In Mode-1, when the inverter generates a positive dc voltage at the terminals, S1, S4
and S5 are on and S2 and S3 are off. In this scenario, VON = Vdc and VPN = 0. Therefore,
VCMV and VDMV can be calculated as follows
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VCMV 

Vdc
2

(4.6)

VDMV  VOP  Vdc

(4.7)

In Mode-2, when the inverter is in freewheeling operation during the positive half
cycle, S2, S3, S4, and S5 are off and only S1 is on. Here, the S1 switch and the antiparallel
diode of S2 provide the freewheeling path. In this scenario, VON decreases, and VPN
increases until their values reach the common point Vdc/2. Therefore, VCMV and VDMV can
be calculated as follows,
VCMV 

Vdc
2

(4.8)

VDMV  VOP  0

(4.9)

Fig. 4.3. Switching pulses for H5 inverter topology for unity power factor operation with
UPPWM technique.

In Mode-3, when the inverter generates a negative dc voltage at the terminals, S2, S3
and S5 are on and S1 and S4 are off. In this scenario, VON = 0 and VPN = Vdc. Therefore,
VCMV and VDMV can be calculated as follows,
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VCMV 

Vdc
2

VDMV  VOP  Vdc

(4.10)
(4.11)

In Mode-4, when the inverter is in the freewheeling operation during the negative
half cycle, S1, S2, S4, and S5 are off and only S3 is on. Here, the S3 switch and the
antiparallel diode of S1 provide the freewheeling path. In this scenario, VON increases,
and VPN decreases until their values reach the common point Vdc/2. Therefore, VCMV and
VDMV can be calculated as follows,
VCMV 

Vdc
2

VDMV  VOP  0

(4.12)

(4.13)

Therefore, for unity power factor operation, the H5 inverter can achieve three voltage
levels i.e. +Vdc, 0, and –Vdc. Here, the VCMV is constant (Vdc/2). From the operation
principle, it is obvious that the S5 needs to be in the switching mode for both positive and
negative voltage output. Therefore, S5 faces more switching loss compared to the other
switches. This chapter proposes a new modulation technique to reduce the stresses faced
by the switching devices of the H5 inverter topology.

Fig. 4.4. H5 inverter topology negative power region (a) grid voltage is negative and the
grid current is positive, and (b) grid voltage is positive, and the grid current is negative.
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For non-unity power factor operation, the H5 inverter needs to be operated in the
negative power region. Fig. 4.4 shows two operating modes for the negative power
region. Here, when the grid voltage is negative, and the grid current is positive then, the
current freewheels through the antiparallel diodes of S2 and S3 switches. In Fig. 4.4(a),
VON = 0, VPN = Vdc, Therefore,
VCMV 

Vdc
2

VDMV  VOP  Vdc

(4.14)

(4.15)

Also, when the grid voltage is positive and the grid current is negative, the current
freewheels through the antiparallel diodes of S1 and S4 switches. For, Fig. 4.4(b),
VON=Vdc, VPN=0, Therefore,
VCMV 

Vdc
2

(4.16)

VDMV  VOP  Vdc

(4.17)

Therefore, for the negative power region, there is no path to obtain zero voltage. It
turns out that to operate the H5 inverter in the negative power region, only BPPWM
should be used. The BPPWM causes more switching losses, poor THD, and makes the
conversion system less efficient. A simple scheme has been proposed in [17], where S1
and S3 are in operation to obtain zero voltage. Therefore, UPPWM can be utilized for the
operation of the H5 inverter in the negative power region.
Fig. 4.5 shows the H5 inverter switching pattern for the negative power region with
UPPWM [17]. Here, there are four regions, when both voltage and current are positive,
that region is named S. Moreover, when the voltage is negative and the current is positive,
that region is named R. Similarly, region T and region Y are self-explanatory in Fig. 4.5.
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Fig. 4.5. H5 inverter switching pattern for negative power region with UPPWM [17].

In the R operating region, S1 comes into operation with S3 and provides the path to
obtain zero voltage at the terminal of the H5 inverter. Similarly, in the Y region, S3 comes
into operation with the S1 switch and provides the path to obtain zero voltage. In both
the R and Y regions, the VCMV and VDMV can be calculated as
VCMV 

Vdc
2

VDMV  VOP  0

(4.18)

(4.19)

According to Fig. 4.5 [17], the switching scheme produces some unnecessary
switching. It is enough that, S1 comes into operation with S3 for regions R and Y only.
There is no need to switch S1 when the voltage and current both are negative. Similarly,
there is no need to switch the S3 switch, when both voltage and current are positive. This
chapter proposes a switching scheme based on the voltage and current phase differences
with a new modulation technique to avoid the unnecessary switching of the switching
devices.
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Fig. 4.6. Proposed current peak point tracking third harmonic injected bus clamping pulse
width modulation technique: (a) for active power control and (b) for reactive power
control.

4. 3 THE PROPOSED MODULATION TECHNIQUE
The proposed CPPTTHBCPWM is shown in Fig. 4.6. Fig. 4.6 shows the two
modulating signals, voltage, and current signals (in per unit). Fig. 4.6(a) shows the
modulating signals when the H5 inverter is operating at unity power factor and Fig. 4.6(b)
shows the modulating signals when the voltage and current signals are not in phase, i.e.
inverter is operating at non-unity power factor. Here, the two modulating signals MS1
and MS2 are used (similar to the UPPWM technique). MS1 is used for one bridge arm
and MS2 is used for the other bridge arm. Here, MS1 is clamped during the positive peak
of the current, and MS2 is clamped during the negative peak of the current. The clamping
duration is 900, 450 before the peak of the current and 450 after the peak of the current.
In this clamping duration, there is no switching and switching losses are reduced. The
switching losses are dependent on the current that is being switched. Therefore, if no
switching occurs during the peak values of the current, that would be the best strategy to
reduce the switching loss. Fig. 4.6(b) shows how the CPPTTHBCPWM tracks the peak
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value of the current and changes the clamping positions of the modulating signals. The
proposed PWM technique uses a third harmonic injection; therefore, it will produce less
total harmonic distortion and better utilization of the dc bus voltage compared to the
BPPWM and UPPWM.
The design of the proposed CPPTTHBCPWM starts with a sinusoidal reference and
a third harmonic injection. Equations (4.20) – (4.32) show the design procedure of
proposed modulating signals MS1 and MS2.
M 1  Am sin( t   )

(4.20)

M 2  kAm sin(3 t  3 )

(4.21)

M 3  M1  M 2

(4.22)

M 4   M1  M 2

(4.23)

CMS1  Vc  max( M 3 , M 4 )

(4.24)

CMS 2  Vc  min( M 3 , M 4 )

(4.25)

CMS 3  CMS1  P1 ( )

(4.26)

CMS 4  CMS 2  P2 ( )

(4.27)

P1 ( )  1

0
1
P2 ( )  0

1
0



(0    45   )





(45      135   )





(4.28)

(135      180   )



(0    45   )





(45      135   )





(135      180   )
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(4.29)

CMS 5  CMS 3  CMS 4

(4.30)

MS1  M 3  CMS 5

(4.31)

MS 2  M 4  CMS 5

(4.32)

Here, M1 is the sinusoidal reference signal generated by the feedback controller. M2
is the signal which has three times the frequency compared to signal M1. M3 is the
addition of M1 and M2 signals and M4 is the negative of the addition of M1 and M2 signals.
The common-mode signal CMS1 is formed by subtracting the maximum value of M3 and
M4 signals from the positive peak of the carrier signal (Vc). Similarly, the common-mode
signal CMS2 is formed by subtracting the minimum value of M3 and M4 signals from the
negative peak of the carrier signal. After that, CMS3 and CMS4 are formed by multiplying
CMS1 with P1(α) and CMS2 with P2(α), respectively. Then CMS5 is formed by adding
CMS3 and CMS4. Finally, the proposed MS1 is formed by adding M3 and CMS5 signals,
and the proposed MS2 is formed by adding M4 and CMS5 signals. Here, P1(α) and P2(α)
determines the clamping position of the modulating signals based on the phase
differences (β) between the voltage and the current. P1(α) and P2(α) are the periodic
pulses defined in (4.28) and (4.29).

Fig. 4.7. Active and reactive power control with the proposed CPPTTHBCPWM
technique.

84

Fig. 4.7 shows the feedback control for the active and reactive power flow with the
proposed PWM technique. Here, the grid voltage (Vg) is delayed for ninety degrees and
the beta component is generated then Vg (which is the alpha component) and the
generated beta component are converted into the direct axis component (Vd). This direct
axis component is used to calculate the reference direct axis component of the current
(Id*) and reference quadrature axis component of the current (Iq*) from the active power
reference (P*) and reactive power reference (Q*). From these direct axis and quadrature
components of the reference current, the magnitude and angle are calculated and the
sinusoidal reference current (Ig*) is generated. Then the reference current and the
measured current (Ig) are compared and the error is passed through the PR controller and
harmonic compensator to generate the sinusoidal reference signal. This sinusoidal
reference signal is used to generate the proposed modulating signals. Finally, the
proposed modulating signals are compared with the high-frequency carrier and the
corresponding gate pulses are produced for the H5 inverter topology.

Fig. 4.8. H5 inverter switching pattern with proposed CPPTTHBCPWM when the
inverter is operating at unity power factor.
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Fig. 4.8 shows the H5 inverter switching pattern with the proposed
CPPTTHBCPWM technique when the inverter is operating at unity power factor. Here,
the pulses are generated with a low 1 kHz carrier frequency for better visualization and
comparison with the traditional PWM technique. Here, the nature of the pulses is the
same as the UPPWM technique, except there is a clamping region visible in S2, S4, and
S5 switches. The clamp in each clamping region is created when the grid current is
maximum to reduce the switching losses.
Fig. 4.9 shows the H5 inverter switching pattern with the proposed
CPPTTHBCPWM technique when the inverter is operating with a non-unity power
factor. Here, to provide the freewheeling path of the current at zero voltage, the S1 and
S3 are needed to be in the switching mode. In the proposed switching scheme, the S1 is
in the switching mode in the R region only. Similarly, the S3 is in the switching mode in
the Y region only.

Fig. 4.9. H5 inverter switching pattern with proposed CPPTTHBCPWM when the
inverter is operating at non-unity power factor.
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Table 4.1
Simulation Parameter
Parameter

Value

Input dc voltage

400 V

Grid voltage

230 V

Grid frequency

50 Hz

Output power

2.5 kW

Switching frequency

4 kHz

Deadtime

2 µs

dc-link capacitor

2200 µF

Filter inductors

5 mH

Stray capacitors

220 nF

Kp, Ki

6.7, 1495.76

Ki3, Ki5, Ki7

210.23, 85.86, 42.81

The S1 and the S3 operating region is based on the phase difference (β) between the
voltage and the current. Therefore, the proposed switching scheme avoids the
unnecessary switching for the S1 switch in the T region and the unnecessary switching
for the S3 switch in the S region.
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Fig. 4.10. Simulation results: (a) H5 inverter output voltage, (b) frequency spectrum of
the H5 inverter output voltage without filtering, (c) grid voltage and current, when the
H5 inverter operates at unity power factor, (d) grid voltage and current, when the H5
inverter operates at non-unity power factor, (e) active power tracking of the H5 inverter,
(f) reactive power tracking of the H5 inverter, (g) dynamics of grid voltage and current
when active power reference is changed, and (h) dynamics of grid voltage and current
when the H5 inverter operation changes from unity power factor to non-unity power
factor.
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Fig. 4.10 shows the simulation results of the proposed modulation technique.
Simulation parameters are given in Table 4.1. Fig. 4.10(a) shows the H5 inverter output
voltage which is unipolar in nature. It can achieve three output voltage levels, +Vdc, 0,
and -Vdc. Fig. 4.10(b) shows the frequency spectrum of the proposed PWM technique.
The THD is found to be 40%. Whereas, the THD with the UPPWM and the BPPWM for
1 kHz switching frequency are 52.06 and 99.62%, respectively [19]. Fig. 4.10(c) shows
the grid voltage and the grid current when the H5 inverter is operating at a unity power
factor. Here, the grid voltage and grid current are in phase. Fig. 4.10(d) shows the grid
voltage and the grid current when the H5 inverter is operating with a non-unity power
factor. Here, the grid voltage and grid current are out of phase. Fig. 4.10 (e) shows the
active power tracking of the H5 inverter. Here, the magnitude of the reference is changed
from 1.7 to 2.3 kW at 0.4 s and again changed from 2.3 to 1.7 kW to observe how the
actual active power is tracking the reference active power.
Fig. 4.10(f) shows the reactive power tracking of the H5 inverter. Here, the reference
is changed from 0 to 600 Var at 0.6 s and again changed from 600 to 0 Var to observe
how the actual reactive power is tracking the reference reactive power. Both the active
power tracking and the reactive power tracking is found to be good with the proposed
PWM technique. Fig. 4.10(g) shows the dynamic response of the grid voltage and the
grid current when the active power reference is changed. Here, the grid voltage is the
same for both of the cases, but the injected grid current amplitude changes based on the
reference active power. Fig. 4.10(h) shows the dynamic response of the grid voltage and
the grid current when the inverter changes the operation from unity power factor to nonunity power factor.

4.4 LOSS ANALYSIS OF THE H5 INVERTER
The inverter loss includes switching loss and conduction loss. These losses depend
on the nonlinear model of the switches, reverse recovery effects, temperature, and load
current. An IGBT module usually consists of a switch and an anti-parallel diode.
Switching losses of the inverter include the switch turn-on loss (Son), switch turn-off loss
(Soff), and diode turn-off loss (Doff). Diode turn-on loss is negligible for the modern fast
reverse recovery diodes. Conduction losses include the switch conduction loss (Scond) and
the diode conduction loss (Dcond). These loss calculation methods are described in [20].
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Here, the losses are calculated using the datasheet provided by the manufacturer of the
IGBT. The same calculation methods are used to calculate different losses of the H5
inverter. Fig. 4.11 shows different losses of the H5 inverter with the UPPWM and the
proposed CPPTTHBCPWM.

Fig. 4.11. Different losses of H5 inverter with UPPWM and proposed CPPTTHBCPWM.
Here, the total inverter loss (Ltotal) is 3.354 and 2.09% of input power for UPPWM
and CPPTTHBCPWM, respectively. The different losses for the 100% loading
conditions of the H5 inverter are shown as a bar graph in Fig. 4.11. Here, the
CPPTTHBCPWM shows lower switching losses (Son, Soff, and Doff) compared to the
UPPWM technique. The conduction losses are quite similar for both techniques.
Equations (4.33) and (4.34) show how the junction temperature (Tj) and the junction
temperature variation (∆Tj) of the IGBT depend upon the average power loss (Ploss_avg)
of the IGBT [21].
N

T j  Tc  Ploss _ avg  Rth ( j c )( i )

(4.33)

i 1

N

T j  2 Ploss _ avg  Rth ( j c )( i ) .
i 1

1 e

 ton
tf
t f

1 e

 th ( i )

(4.34)
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N f  AT j e
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Kb

Tj

(4.35)

Here, Rth(j-c), τ, ton, tf, i, and N are the resistance, the time constant, the switch turn-on
duration, the switching period, the layer numbers, and the case number, respectively.
Equation (4.35) shows the number of operating cycles (Nf) before the failure of the
switching device [22]. Here, A and α are constants obtained from the test. Ea and Kb are
the activation energy and the Boltzmann constant. Therefore, the lifetime of the inverter
depends on the junction temperature and the junction temperature depends upon the
power losses. The reduced switching losses by the proposed modulation technique
reduces the losses in the switching devices, reduces junction temperature, and increases
the inverter lifetime.

4.5 EXPERIMENTAL VALIDATION
Fig. 4.12 shows the experimental setup to validate the proposed PWM technique.
Here, the 43 A, 1200 V, HGTG11N120CND IGBT has been considered as the power
electronic switches of the H5 inverter. The California Instruments MX45 programmable
power supply is used as a supply grid and the CSW5550 programmable power supply is
used as the dc power source. The ACPL-P343 driver circuit and the dSPACE
MicroLabBox are used to generate the gate pulses for the switching devices using the
proposed modulation technique. Here, KEYSIGHT N2791A voltage probes and Agilent
N2779A current probes are used to measure the voltages and current waveforms and the
KEYSIGHT DSOX4024A oscilloscope has been used to observe and collect the
waveforms.

Fig. 4.12. Experimental setup.
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Fig. 4.13. Experimental results: (a) the H5 inverter output voltage, (b) the H5 inverter
frequency spectrum before filtering, (c) the grid voltage, the grid current, and the leakage
current, when the inverter is operating at unity power factor, (d) the grid voltage, the
grid current, and the leakage current when the inverter is operating at non-unity power
factor, (e) dynamics of the grid voltage and the grid current with active power change,
(f) dynamics of the modulating signals, when the H5 inverter changes the operating mode
from unity to non-unity power factor, and (g) dynamics of the grid voltage and the
injected grid current when the H5 inverter changes the operating mode from unity to nonunity power factor.
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Fig. 4.13 shows the experimental results for the proposed modulation technique. Fig.
4.13(a) shows the H5 inverter output voltage. This output voltage can achieve three
different voltage levels and is also PWM in nature. Fig. 4.13(b) shows the spectra
property of the experimental output voltage waveform, which is the same as that obtained
in the simulation results. The THD is found to be 42%. Fig. 4.13(c) shows the
experimental output of the grid voltage, the grid current, and the leakage current when
the inverter is operating at unity power factor. Similarly, Fig. 4.13(d) shows the
experimental output of the grid voltage, the grid current, and the leakage current, when
the inverter is operating with a non-unity power factor.
Here, in both cases, the leakage current is within the desired limit. Fig. 4.13(e) shows
the dynamics of the grid voltage and the grid current when there is a change in the active
power flow from the dc power source to the grid. The behaviour is similar to that from
the simulation results i.e. the grid voltage is unchanged, and the injected grid current
changes based on the active power flow.
Fig. 4.13(f) shows the dynamics of the modulating signals when the H5 inverter
changes the operating mode from a unity power factor to a non-unity power factor
operation. Here, the controller calculates the angle β based on the reactive power
reference and changes the modulating signals accordingly. Fig. 4.13(g) shows the
dynamics of the grid voltage and the grid current when the inverter changes the operating
mode from unity power factor to non-unity power factor. Here, during the unity power
factor operation, the voltage and the current are in phase and during the non-unity power
factor operation, the voltage and the current waveform are out of phase and are similar
to those from the simulation results.
Fig. 4.14 shows the images taken from the Testo 885 thermal imaging camera. Here,
for the conventional UPPWM technique, the switching devices cause more heat
compared to that from the proposed CPPTTHBCPWM technique. For the UPPWM
technique, the switching devices face a maximum of 74.70C temperature and for the
proposed CPPTTHBCPWM technique, the switching devices face a maximum of 520C.
The temperature distribution among the switches for both PWM techniques can be
observed in Fig. 4.14. The proposed PWM technique causes less switching loss and
therefore less heating in the switching devices. Therefore, the proposed PWM technique
is not only efficient but also increases the lifetime of the inverter.
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Fig. 4.14. Thermal camera image for temperature analysis of the switching devices: (a)
UPPWM technique and (b) proposed CPPTTHBCPWM technique.

4.6 CONCLUSION
This chapter presents a current peak point tracking-based advanced pulse width
modulation technique to reduce the converter loss, improve the THD, and make better
use of the dc bus voltage. This chapter shows the simulation and the experimental results
for the effective operation of a transformerless H5 PV inverter. The proposed switching
strategy also eliminates unnecessary switching during the reactive power flow of the
transformerless H5 PV inverter. Therefore, the use of this proposed modulation technique
can make a solar photovoltaic system more efficient and reliable.
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Chapter 5
A MAGNETIC-LINKED SEVEN-LEVEL ACTIVE
NEUTRAL POINT CLAMPED CONVERTER WITH
THE THIRD HARMONIC INJECTED SIXTYDEGREE BUS CLAMPING PULSE WIDTH
MODULATION TECHNIQUE FOR GRID
INTEGRATION OF SOLAR PHOTOVOLTAIC
SYSTEMS

ABSTRACT
Nowadays, the grid-connected solar PV system has been drawing significant attention
due to the rapid development and the decreasing cost of solar panels. The efficiency and
the reliability of a grid-connected PV system mainly depend on the power conversion
system and the control strategy. This chapter presents a new magnetic-linked 7-level
active neutral point clamped (ANPC) converter, which requires fewer flying capacitors
and also reduces the control complexity of the grid-connected PV system. The proposed
converter topology utilizes the input dc bus voltage better than the traditional ANPC
multilevel converter and also provides galvanic isolation to the grid-connected PV
systems. The lack of galvanic isolation is one of the biggest problems faced by the power
frequency transformerless grid-connected PV systems. The proposed magnetic-linked
power converter is also validated through simulations in MATLAB/Simulink and
through tests in a laboratory test platform.

5.1 INTRODUCTION
Power electronics systems play an important role in distributed power generation
and in the interconnection between the grid and renewable energy sources, such as solar
PV systems [1]–[5]. Due to the rapid expansion of the PV power plant market, more
emphasis has been placed on the PV power converter topologies. Multilevel converters
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are becoming the preferred choice for use in the grid integration of solar PV systems, due
to their improved output power quality and the high voltage handling capability [1]–[5].
There are three basic types of multilevel inverters, the cascaded H-bridge (CHB), the
flying capacitor (FC), and the neutral point clamp (NPC) multilevel inverter [6]–[8]. With
the increase of the number of voltage levels, the number of the isolated transformers, the
flying capacitors, and the clamping diodes increase significantly for the CHB, FC, and
NPC respectively. Moreover, for the traditional basic multilevel inverters, the control
system becomes more complex with the increase of the numbers of the voltage levels [9],
[10].
Nowadays, the stacked multi-cell converter (SMC) [11], the modular multilevel
converter (MMC) [3], [12], and the active neutral point clamped (ANPC) [13] are the
emerging multilevel inverters. In MMC, cascaded half-bridges are used to provide a high
voltage output. But in the MMC, the floating capacitors can experience low-frequency
fluctuations [14]. The SMC, where several FC converters are stacked together, suffers
from the same problems faced by the FC multilevel inverter. The ANPC is the multilevel
converter that can eliminate some of the problems faced by the CHB, FC, NPC, MMC,
and SMC. The ANPC requires fewer clamping devices and flying capacitors compared
with the MMC, NPC, FC, and SMC. But the ANPC suffers from the reduced dc bus
utilization issue and also requires a complex control strategy to balance the flying
capacitor voltages.
In this chapter, a new 7-level ANPC magnetic-linked power converter is proposed,
which improves the dc bus voltage utilization compared with that of the traditional ANPC
and solves the capacitor voltage balancing issues using a high-frequency magnetic link.
The proposed converter topology requires fewer flying capacitors, which makes the
power conditioning system compact and more reliable. An advanced pulse width
modulation (PWM) technique is also investigated with the proposed magnetic-linked
power converter to improve the efficiency of the power conditioning system. For
comparison, the performance of the traditional PWM techniques with the proposed
power converter topology is also presented in this chapter. The suitability of the proposed
converter and control strategy is validated both through simulations and tests in a
laboratory test platform.
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The main contributions of this chapter are:


The chapter proposes a new power converter topology;



The proposed converter has a reduced number of capacitors;



The proposed converter has better utilization of the dc bus voltage;



The proposed converter can solve the capacitor voltage balancing issue with the
use of the proposed high-frequency magnetic link.

5.2 PROPOSED MAGNETIC-LINKED CONVERTER
In this chapter, a 7-level magnetic-linked ANPC inverter is proposed which requires
the same number of electronic switches as the traditional ANPC 7-level inverter, but the
proposed topology requires fewer flying capacitors compared to the traditional ANPC
inverter. It is worth mentioning that the traditional ANPC requires 2 flying capacitors to
obtain a 7-level inverter, whereas, the proposed topology requires only one flying
capacitor to obtain a 7-level inverter. The main problems with the traditional ANPC
inverter are (i) only a maximum of 50% of the input dc bus voltage can be utilized and
(ii) a strategy is required to balance the flying capacitor voltages. The proposed ANPC
can utilize 75% of the input dc bus voltage and can also eliminate the voltage balancing
problems faced by the traditional ANPC inverters.
Fig. 5.1 shows the proposed magnetic-linked power converter topology for the grid
integration of the PV systems. In this chapter, the high-frequency magnetic link has been
used to ensure that for every single phase, the output voltage of the top rectifier is always
4 times the output voltage of the bottom rectifier by using different winding turns
between the input winding of the top rectifier (4N) and the input winding of the bottom
rectifier (N). This ensures balanced voltages among the capacitors at any power factor
level.
First, the dc power from the PV array is converted into a high-frequency ac and then
fed into the high-frequency magnetic link. Two secondary windings are used to produce
two dc voltages for each single-phase unit. One winding is used to supply the dc-link
capacitors (C1 and C2) and the other winding is used to supply the flying capacitor (Cfc).
In Fig. 5.1, the output voltage of the top rectifier (across the two dc-link capacitors (C1
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and C2)) is 4 times the output voltage of the bottom rectifier (across the flying capacitor
(Cfc)), therefore if the voltage across the two dc-link capacitors (C1 and C2) of each single
phase unit is defined as Vdc (the voltage across C1 or C2 is Vdc/2) then the voltage across
the flying capacitor (Cfc) is Vdc/4. The ratio of the dc-link capacitor voltage to the flying
capacitor winding is therefore always maintained at 4. Finally, the dc voltages are fed
into the 7-level ANPC to obtain the seven different voltage levels as shown in Table 5.1.

Fig. 5.1. The proposed 7-level ANPC magnetic-linked inverter for grid integration of PV
systems.
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Table 5.1
Switching Table
Switching states
State

Vout
S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

1

off on

on off on off off off off off

Vdc/4

2

on off on off on off off off off off

Vdc/2

3

on off off off on

4

on off off on off off off on off off

-Vdc/4

5

off on off on off off off on off off

-Vdc/2

6

off on off off off off on

7a

on off off off off off off off on

off

0

7b

on off off off off off off off off

on

0

on off off off off 3Vdc/4

on off off -3Vdc/4

Fig. 5.2 shows the first four modes of operation for the proposed power converter
topology. Fig. 5.2(a) shows the mode 1 operation, where the output voltage is given by
Vdc/2 –Vdc/4 = Vdc/4. Although there is a voltage across C2, it is inactive due to the
switching states. Similarly, Fig. 5.2(b) shows the mode 2 operation, where the output
voltage is given by Vdc/2. Fig. 5.2(c) shows the mode 3 operation, where the output
voltage is given by Vdc/2 +Vdc/4 = 3Vdc/4. The remaining Fig. 5.2(d) is self-explanatory.
Fig. 5.3 shows the last four modes of the power converter and can be explained in the
same way as Fig. 5.2. The voltage stress for S5 and S8 is Vdc and the voltage stress for S1,
S2, S3, S4, S6, and S7 is Vdc/4. The S9 and the S10 are used to obtain a proper zero state of
the inverter. The voltages across these switches are 3Vdc/4.
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Fig. 5.2. First four modes for the proposed power converter.

Fig. 5.3. Last four modes for the proposed power converter.
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Fig. 5.4(a) shows the amorphous ribbon (20 µm thick and 2.5 cm wide), Fig. 5.4(b)
shows the preparation of the magnetic core, and Fig. 5.4(c) shows the prepared magnetic
core for the proposed ANPC converter topology. The amorphous ribbon is placed in the
circular structure of the core development platform and Araldite glue has been used for
metallic bonding and for maintaining no air gap in the core. The number of turns of the
windings is different from each other as shown in Fig. 5.4(c). For the validation of the
proposed power converter topology, 7 windings are used. One winding is the primary
winding and the remaining windings are used as secondary windings. The amorphous
materials Metglas alloys 2605S3A and 2605SA1 are manufactured by Hitachi Metals
Ltd. The saturation flux density of the Metglas alloy 2605S3A is 1.4 T. The core loss in
terms of the flux density and the frequency is shown in Fig. 5.4 (d). At 0.5 T flux density,
with a square wave excitation and a 10 kHz frequency, the core loss is 100 W/kg.

Fig. 5.4. (a) Amorphous ribbon, (b) preparation of the magnetic core, (c) prepared
magnetic core, and (d) core loss in terms of flux density and frequency.

Fig. 5.5 shows the control scheme for the proposed power converter topology. At
first the reference direct axis component (Id*) is obtained from the dc-link voltage
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regulator and the reference quadrature axis component (Iq*) is set to zero due to the
operation of the inverter at unity power factor. Then the error between the actual grid
injected currents (Id and Iq) and the reference currents (Id* and Iq*) are passed through
the PI controllers and eventually the direct axis component of the inverter reference
voltage (Vd*) and the quadrature axis component of the inverter reference voltage (Vq*)
are calculated. Finally, the direct and quadrature axis components of the reference
inverter voltage are converted into the three-phase reference voltages, which are then
compared with the high-frequency carrier waves to generate the pulses for the electronic
switches for the proposed ANPC converter topology. Here, digital PLL has been used to
track the grid voltage angle.

Fig. 5.5. The control scheme for the proposed power converter.

Fig. 5.6 shows the gate pulses for the proposed ANPC converter topology. The S9
and the S10 switches are in operation while obtaining the zero state of the voltage.
Therefore, these switches are in less operation compared to those of the other switching
devices. The S5 and S8 switches remain in more conduction compared to the other
switches. Therefore, these switches experience more conduction loss than the other
switches. The switching and conduction loss distribution among the electronic switches
have been discussed in the loss analysis section of this chapter.
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Fig. 5.6. Gate pulses for the proposed ANPC converter topology.

Table 5.2
Simulation Parameter
Parameter

Value

PV array

1.5 kW

Grid voltage

400 V (L-L)

Grid frequency

50 Hz

Carrier wave

Level shifted [15], 1 kHz

dc-link capacitors

100 µF

Flying capacitor

100 µF

Filter inductor (L)

1 mH

Fig. 5.7 shows the simulation results for the proposed power converter topology with
a carrier frequency of 1 kHz. The proposed converter line voltage output waveform and
its frequency spectrum are shown in Fig. 5.7(a) and 5.7(b). Fig. 5.7(c) and Fig. 5.7(d)
show the voltages across the capacitors C1, Cfc, and C2. Fig. 5.7(e) shows the injected
power to the grid by the PV arrays. Fig. 5.7(f) shows the phase voltage and the phase
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current of the grid while receiving power from the PV array. The simulation results show
the voltages across the capacitors are almost constant over time. Table 5.2 shows the
values of the different parameters used for the simulation.
Fig. 5.8 shows the inverter responses when there are fluctuations in the grid, such as
the grid voltage sag and swell phenomenon. When there is a voltage sag or swell at the
grid side, the voltage is sensed by the inverter. Due to the change in the voltage amplitude,
the values of Vgd (direct axis component of grid voltage) and Vgq (quadrature axis
component of grid voltage) are also changed, and the inverter changes the modulation
index accordingly.
When voltage sags occur, the inverter reduces its modulation index, and when voltage
swells occur, the inverter increases its modulation index to cope with the grid voltage.
Therefore, the inverter always tracks the grid voltage and changes the injected current to
the grid according to the available PV power.

Fig. 5.7. (a) The output line voltage of the proposed ANPC inverter, (b) frequency
spectrum of the output voltage, (c) voltage across the C1 and Cfc capacitor, (d) voltage
across the C2 capacitor, (e) power injected into the grid, and (f) phase voltage and phase
current of the grid.
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Fig. 5.8. System response when the grid side faces some vibration (a) grid side voltage,
(b) modulation index of the inverter, (c) power injected to the grid, (d) inverter line
voltage, (e) zoomed inverter line voltage during sag, and (f) zoomed inverter line voltage
during voltage swell.

Fig. 5.9. (a) I-V characteristics of PV for different insolation, (b) P-V characteristics of
PV for different insolation, (c) grid voltage and current when all the PV arrays are
working at 1 kW/m2 insolation, and (d) grid voltage and current when three PV arrays
are working at 1 kW/m2, 0.75 kW/m2, 0.5 kW/m2 insolation.
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Fig. 5.9 shows the power imbalance analysis for the proposed power converter
topology. When all the PV arrays experience the same insolation of 1 kW/m2, then the
current injected into the grid is obtained as 2.17 A rms. On the other hand, when the PV
arrays experience different insolation like 1 kW/m2, 0.75 kW/m2, and 0.5 kW/m2, then
the injected current to the grid is obtained as 1.6 A rms.
Three PV arrays used in this test utilize separate MPPT with the boost converters.
The perturbation and observation method [16] has been used to control the boost
converter duty cycle. The main objective of the boost converter is to provide a fixed dc
output voltage and also track the maximum power point from the PV. The boost
converters are usually employed in PV systems to maintain the desired output voltage
since the output voltage of the PV can be widely varied. Therefore, the boost converter
is needed when the PV system has an unstable and fluctuating output. If the PV system
uses both a boost converter and an inverter, the boost converter can enhance the dc output
voltage stability, and therefore, reduce the effect of fluctuation on the ac output [17]. The
efficiency of the boost converter is also known to be very high [18]. With the use of
MOSFET and 500 kHz switching frequency, the boost converter shows more than 97%
efficiency [18].
When more power is available at the PV side, then the dc-link voltage increases and
to maintain the fixed dc-link voltage, the dc-link voltage regulator increases the reference
value of the current (Id*). Similarly, if the amount of power generation reduces, the dclink voltage decreases, and to maintain the fixed dc-link voltage, the controller decreases
the reference value of the current (Id*). Therefore, when the PV side has more power,
then the inverter injects more current to the grid; and when the PV side has less power,
then the inverter injects less current to the grid.

5.3 SWITCHING TECHNIQUE FOR THE PROPOSED CONVERTER
An advanced PWM technique for a single-phase inverter has been proposed in [19].
The modulation technique can reduce the total harmonic distortion (THD) and the
converter loss compared to the traditional switching techniques. This chapter investigates
an advanced PWM technique suitable for use in a three-phase inverter [3]. The advanced
third harmonic injected sixty-degree bus clamping PWM (THSDBCPWM) is shown in
Fig. 5.10.
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Fig. 5.10. The operation of the THSDBCPWM for the proposed converter topology.

At first, a third harmonic signal has been added with the sinusoidal PWM (SPPWM)
signal and the third harmonic injected PWM (THPWM) (Ma2, Mb2 & Mc2) signal is
formed. After that, the common-mode signals, P1 & P2, are formed which are the
maximum and the minimum values of the third harmonic injected signal with respect to
time. In the next step, the P1 signal is subtracted from the peak value of the carrier signal
(Vc) and then the P3 signal is formed. Similarly, the P2 signal is subtracted from the
negative peak of the carrier signal (-Vc) and the P4 signal is formed. Then, the P3 signal
is multiplied with f2(α) and the P4 signal is multiplied with f1(α) and the P5 and the P6
signals are formed respectively.
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The addition of the P5 and the P6 signals forms the P7 CMS. Eventually, the P7 signal
is added with the THPWM to form the THSDBCPWM. Here, f1(α) and the f2(α) are the
periodic function of α and defined as:

f1 ( )  0 (when 0    60 )
 1 (when 60    120 )

(5.1)

f 2 ( )  1 (when 0    60 )
 0 (when 60    120 )

(5.2)

The performance of the other popular PWM techniques such as the sinusoidal PWM
(SPPWM), the THPWM, conventional space vector PWM (CSVPWM), the trapezoidal
PWM (TRPWM), the sixty-degree bus clamping PWM (SDBCPWM), the thirty-degree
bus clamping PWM (TDBCPWM) and the third harmonic injected thirty-degree bus
clamping PWM (THTDBCPWM) is also investigated for the proposed power converter
topology. The mathematical expression of these switching techniques is presented in
Table 5.3.

Fig. 5.11. The performance of different switching techniques in terms of the total
harmonic distortion for the proposed converter topology (with a 1 kHz carrier frequency).
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Table 5.3
Different Switching Technique with Mathematical Expression
PWM

Mathematical expression
M1  A sin t   

SPPWM

M a1 M b1 M c1    M1  M1  M1  
 120
 240 
  0

C  kA sin  3t 

THPWM

M2  Asint     C
M a 2
M3 

CSVPWM

M b2

M c 2    M 2  M 2  M 2  
 120
 240 

  0

2

Asint     1 maxM a1,M b1,M c1 
2
3
 min M a1,M b1,M c1 

M a 3 M b 3 M c 3    M 3  M 3  M 3  
 120
 240 
  0

TRPWM

M 4  A sin 1sin ωt   
 0.98 A when M 4  0.98 A
 0.98 A when M 4  0.98 A

M a 4

M b4

M c 4    M 4  M 4  M 4  
 120
 240 

  0

M 5  A sin  t     f 2()Vc  max M a1,M b1,M c1 
 f1( ) Vc  min M a1,M b1,M c1 

SDBCPWM

M a 5 M b 5 M c 5    M 5  M 5  M 5  
 120
 240 
  0
M 6  A sin t     f1()Vc  max M a1,M b1,M c1 
 f 2() Vc  min M a1,M b1,M c1 

TDBCPWM
M a 6

M b6

M c 6    M 6  M 6  M 6  
 120
  240 

  0

M 7  A sint     f 2()Vc  maxM a 2 ,M b 2 ,M c 2 
 f1() Vc  minM a 2 ,M b 2 ,M c 2   C

THSDBCPWM
M a 7

M b7

M c 7    M 7  M 7  M 7  
 120
 240 

  0

M 8  A sin t     f1()Vc  max M a 2 ,M b 2 ,M c 2 
 f 2() Vc  min M a 2 ,M b 2 ,M c 2   C

THTDBCPWM



M a8 M b8 M c8    M 8 0 M 8 120 M 8 240 
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Fig. 5.11 shows the performance of the different modulation techniques in terms of
the total harmonic distortion for the proposed converter topology. The THSDBCPWM
shows the lowest THD and the TRPWM shows the highest THD among the switching
techniques. Fig. 5.12 shows the surface plot of the THD in the line voltages for the
THSDBCPWM with variations of the frequency and the modulation index. The lowest
THD is obtained at 1 kHz and modulation index of 1.

Fig. 5.12. The surface plot of the THD in the line voltage for the THSDBCPWM.

5.4 LOSS ANALYSIS OF THE PROPOSED CONVERTER TOPOLOGY
The inverter total loss can be classified into two parts, the switching loss and the
conduction loss. The bipolar junction transistor is just a single switch, whereas, the
insulated gate bipolar transistor (IGBT) consists of a switch and an anti-parallel diode.
The total conduction loss (Pcl) is the summation of the switch and the diode conduction
loss and can be expressed as (5.3)

2π
2π

1 
Pcl 
[vce(t) ic(t)] d(wt)  [v F (t) iF (t)] d(wt)


2π
0
0
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(5.3)

where Vce(t), ic(t),vF(t), and iF(t) are the instantaneous voltage across the switch, the
instantaneous current through the switch, the instantaneous voltage across the diode, and
the instantaneous current through the diode respectively. For N switches, the total
conduction loss (PCL) can be expressed as follows.

N
PCL   Pcl
j 1 j

(5.4)

For switching loss analysis, the losses can be expressed as a function of the switch current
from the corresponding switch datasheet [5]. The total switching loss (PSL) can be
expressed as follows.

PSL 


N
N
1  N
  E on (ic )   E off (ic )   E rec (i F ) 
T0  j  1
j
j
j
j 1
j 1


(5.5)

where Eon, Eoff, and Erec are the switch turn on, the switch turn-off, and the diode turn-off
energies in joule. Therefore, the total inverter loss (PTL) can be expressed as follows.

PTL  PCL  PSL

(5.6)

Fig. 5.13 shows the different losses for the different PWM techniques with the proposed
power converter topology. The THSDBCPWM shows the lowest and the THPWM
shows the highest total inverter loss among the PWM techniques.
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Fig. 5.13. The inverter loss analysis for different modulation techniques.

Fig. 5.14 shows the loss distribution among the switches for the proposed power
converter topology. The S8 switch shows the lowest and the S7 switch shows the highest
switching loss among the 10 switches. Moreover, the S9 and the S10 switches show the
lowest, and the S1 switch shows the highest conduction loss among the switches. In the
case of the total loss, the S8 switch shows the lowest and the S7 shows the highest loss
among the switches. This loss distribution analysis is done to design the heat sinks for
the electronic switches.

Fig. 5.14. The loss distribution among the switches for the proposed power converter.
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5.5 EXPERIMENTAL VALIDATION OF THE PROPOSED CONVERTER
TOPOLOGY
Fig. 5.15(a) shows the experimental setup to validate the proposed power converter
topology. A reduced-scale test platform has been developed for the validation of the
proposed power converter topology. The 43 A, 1200 V, HGTG11N120CND IGBT, and
the 15 A, 350 V, MJL4281A NPN bipolar transistor have been considered as the
switching devices to develop the prototype of the 7-level power converter in the
laboratory. The dSPACE MicroLabBox and the ACPL-P343 driver circuit are used to
implement the THSDBCPWM switching algorithm of the proposed converter. The
AMATEK TerraSAS PV simulator ETS 1000/10 (acting as the photovoltaic array) is
connected with the California Instruments MX45 programmable power supply (acting as
the supply grid) through the developed power converter. Fig. 5.15(b) shows the
developed ANPC separately, the dimension of which is around 100 mm * 80 mm.

Fig. 5.15. (a) Experimental setup for the validation of the proposed converter with the
high frequency (HF) magnetic link and (b) proposed ANPC.
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Fig. 5.16. (a) Solar irradiance and temperature profile case 1, (b) solar irradiance and
temperature profile case 2, (c) solar irradiance and temperature profile case 3, (d) I-V and
P-V characteristics for case 1, (e) I-V and P-V characteristics for case 2, and (f) I-V and
P-V characteristics for case 3.

Fig. 5. 17 (a) PV array output voltage and current for case 1, (b) PV array output voltage
and current for case 2, (c) PV array output voltage and current for case 3, (d) dc bus
voltage for situation 1 and 2, (e) primary voltage and current of HF magnetic link when
all PV arrays follow case 1 and (f) primary voltage and current of HF magnetic link when
three PV arrays follow case 1, case 2 and case 3, respectively.
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Fig. 5.18. (a) voltages across C1 and Cfc capacitor for phase A, (b) voltages across C1 and
Cfc capacitor for phase B, (c) voltages across C1 and Cfc capacitor for phase C, (d) voltage
across the C2 capacitor for phase A, (e) voltage across the C2 capacitor for phase B, and
(f) voltage across the C2 capacitor for phase C.

Fig. 5. 19. (a) inverter output line voltage and line current under situation 1, (b) grid
voltage and current under situation 1, and (c) grid voltage and current under situation 2.

Figs. 5.16(a)–5.16(c) show three different real-life irradiance and temperature
profiles (case 1, case 2, and case 3) that are fed into the solar emulator. Here, the green
line indicates the current operating point for the PV emulator. For Figs. 5.16 (a)–5.16(c)
the operating point is around 1000 W/m2, 200 W/m2 and 250 W/m2, respectively. Fig.
5.16(d)–5.16(f) show the I-V and P-V characteristics for different operating points on the
irradiance profiles.
Therefore, Fig. 5.16 (d) shows the I-V and P-V characteristics when the PV array
gets irradiance of 1000 W/m2. Similarly, Fig. 5.16 (e) and 16 (f) are self-explanatory.
Figs. 5.17(a)–5.17(c) show the PV output voltage and current for case 1, case 2, and case
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3, respectively. Here, the PV arrays provide different voltage and current due to the
irradiance, temperature, I-V characteristics, and maximum power point tracking. Fig.
5.17(d) show the dc bus voltage for both situations, situation 1: when all the PV array
follow case 1 and situation 2: when three PV array follow case 1, case 2, and case 3,
respectively. Thus, the boost converters always maintain the dc bus voltage fixed.
Fig. 5.17 (e) shows the high-frequency magnetic link primary voltage and current
when all the PV arrays follow case 1 and Fig. 5.17 (f) shows the high-frequency magnetic
link primary voltage and current when three PV arrays follow case 1, case 2, and case 3,
respectively. Here, the primary voltage is identical in both cases but the primary current
is different. When all the PV arrays get high irradiance then the primary current is high
and when the PV arrays get low irradiance then the primary current is low. Fig. 5.18 (a)–
5.18(f) show the capacitor voltage waveforms for both situations, situation 1: when all
the PV arrays follow case 1 and situation 2: when three PV arrays follow case 1, case 2,
and case 3, respectively. Here, three different currents from the PV arrays are added
together and fed into the magnetic link. The primary current creates the magnetic flux
and the same flux cuts all the secondary windings. Therefore, the capacitor voltages show
identical shapes. Fig. 5.19(a) shows the inverter line voltage and current under situation
1. Fig. 5.19 (b) shows grid voltage and current under situation 1 and Fig. 5.19 (c) shows
the grid voltage and current under situation 2.
The output voltage and current from the solar emulator are the inputs into the system
and the grid voltage and injected current to the grid are the outputs of the system. The
data from Fig. 5.17(a)–5.17(c) and Fig. 5.19(c) are collected in CSV format and used in
MATLAB. Three solar emulator voltages and currents are multiplied and added together
to measure the input power. Also, the grid rms voltage and the injected rms current are
multiplied and the output power is measured. By dividing the input power by the output
power, the system efficiency is found to be 80%. However, considering the ANPC
inverter input power instead of the PV array power, the ANPC inverter efficiency is
found to be 96% which is close to the theoretical analysis. In the traditional systems, the
use of the power frequency step-up transformers and the filter circuits increases the total
loss by 50% and the system volume by 40% [20]. The power conversion system
efficiency and the proposed inverter efficiency are also comparable to the traditional
magnetic-linked multilevel inverters, where for 100% loading, the system and the
converter efficiency were found to be 76% and 95% respectively [21].
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The inverter output line voltage (before the line filter) and the grid phase voltage
are also collected in CSV format and in the MATLAB environment the frequency
spectrums are analyzed (as shown in Fig. 5.20(a) and Fig. 5.20(b)).

Fig. 5.20. (a) Inverter line voltage frequency spectrum and (b) grid phase voltage
frequency spectrum.

To observe the dynamic response of the inverter a fast-changing irradiance profile
with constant temperature has been fed into the three PV emulators. Fig. 5.21 (a) and
5.21 (c) show the irradiance profile with a constant temperature of 25° C. From 0 to 30
seconds the irradiance is 100 W/m2, from 31 to 65 seconds the irradiance is 800 W/m2
and from 66 to 95 seconds the irradiance is again 100 W/m2. Fig. 5.21 (b) shows the I-V
and P-V characteristics when the operating point is with an irradiance of 100 W/m2 and
Fig. 5.21 (d) shows the I-V and P-V characteristics when the operating point is with an
irradiance of 800 W/m2.
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Fig. 5.21 (a) PV irradiance and temperature profile when the operating point is on 100
W/m2, (b) I-V and P-V characteristics when the operating point is on 100 W/m2, (c) PV
irradiance and temperature profile when the operating point is on 800 W/m2, (d) I-V and
P-V characteristics when the operating point is on 800 W/m2, (e) grid voltage and current,
(f) zoomed version of grid voltage and current when the irradiance changes from 100
W/m2 to 800 W/m2, and (g) zoomed version of grid voltage and current when the
irradiance changes from 800 W/m2 to 100 W/m2.
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Table 5.4
Comparison of The Proposed Topology with Other Popular 7-Level Single-Phase
Converters in Terms of Number of Components
Number of
Converters
Sources
Cascaded Hbridge[6]
Diode
clamped [6]
Capacitor
clamped [6]
Conventional
ANPC [12]

IGBTs

Capacitors

Diodes

3

12

-

-

1

12

6

10

1

12

7

-

1

10

4

-

1

14

7

1

1

10

3

-

ANPC
Proposed

in

[22]
Proposed
ANPC

Fig. 5.21 (e) shows the grid voltage and current for the whole scenario. Fig. 5.21 (f)
shows the zoomed version of grid voltage and current when the irradiance changes from
100 W/m2 to 800 W/m2 and Fig. 5.21 (g) shows the zoomed version of grid voltage and
current when the irradiance changes from 800 W/m2 to 100 W/m2. From the grid voltage
and current waveforms, it can be seen that the grid voltage is always identical but the
current changes according to the available power from the PV side. When the irradiance
changes from 100 W/m2 to 800 W/m2 the current reaches around three times the initial
current.
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5.6 COMPARATIVE ASSESSMENT OF THE PROPOSED CONVERTER
TOPOLOGY
The comparison of the proposed converter topology with the other popular power
converters in terms of the number of components is presented in Table 5.4.
The use of capacitors makes the system bulky and less reliable. Although the
proposed converter topology requires the same number of electronic switches as the
conventional ANPC converter, it requires fewer flying capacitors than the traditional
ones. Thus proposed topology reduces the size of the converter and increases the
reliability of the power conversion system.
Table 5.5 shows the performance metrics of different 7-level power converters. The
proposed power converter topology utilizes the input dc bus voltage better than the
traditional ANPC power converter. Moreover, no additional control technique is required
to keep the voltages across the three flying capacitors balanced. The high-frequency
magnetic link generates isolate and balanced multiple sources and maintains the voltages
across the three flying capacitors balanced. Here, all the available powers from the PV
side are converted into magnetic energy and the same magnetic flux cuts the secondary
windings. Therefore, all the single-phase units of the proposed inverter get the same input
voltage and the voltage balancing at the grid side is ensured. Thus the proposed topology
prevents the three-phase system from being unbalanced. The proposed power converter
topology also provides galvanic isolation with a single core manufactured with advanced
material.
The lack of galvanic isolation is a big issue faced by the traditional power frequency
transformerless grid-connected PV systems. The proposed topology eliminates the use of
a power frequency transformer and also reduces the size of the filter circuit. Thus, the
proposed converter topology can make the grid-connected PV system more compact and
more efficient.
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Table 5.5
Performance Metrics of Different 7-Level Single-Phase Converters
Performance indicators
Converters

Effective
dc

bus

utilization
Cascaded Hbridge[6]
Neutral point
clamped [6]
Capacitor
clamped [6]
Conventional
ANPC [12]

Simple
control

Voltage

Reduced

balancing

converter

problem

size

√

√

√

×

×

×

√

×

×

×

√

×

×

×

√

×

×

×

√

×

√

√

×

√

ANPC
Proposed in
[22]
Proposed
ANPC

5.7 CONCLUSION
This chapter proposes a magnetic-linked multilevel active neutral point clamp
converter with an advanced switching technique for the grid integration of the PV
systems. The proposed converter topology uses fewer capacitors and makes the power
conversion system compact and reliable. The proposed power converter utilizes the input
dc bus voltage better than the traditional ANPC converters. The proposed power
converter eliminates voltage balancing problems and makes the control strategy simple.
The proposed converter also provides galvanic isolation to the grid-connected PV
systems. The advanced switching technique ensures less harmonic distortion and less
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converter loss. Thus, the proposed power converter with the advanced switching
technique can make the grid-connected PV system more compact, more reliable, and
more efficient.
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Chapter 6
MODEL PREDICTIVE CONTROL FOR A NEW
MAGNETIC-LINKED NINE-LEVEL INVERTER
TO INTEGRATE SOLAR PHOTOVOLTAIC
SYSTEMS WITH THE POWER GRIDS

ABSTRACT
Multilevel inverters are becoming increasingly popular for use in the grid integration
of wind and PV power plants due to their higher voltage handling capability and better
output power quality. There are several types of multilevel inverters that have been
proposed in the literature; among them, the ANPC multilevel inverters have been
drawing significant attention especially for solving the problems with other multilevel
inverters. However, with the increase of the number of levels, the ANPC requires more
electronic switches and flying capacitors, which increases the complexity and the cost.
In this chapter, an ANPC inverter with a reduced number of switches and flying
capacitors is presented for the grid integration of the solar PV systems controlled using
the model predictive control technique. This model predictive control technique uses a
discrete-time model of the system to predict the future value of the active power and the
reactive power for seven identified voltage vectors and selects the vector for the operation
which causes minimum cost function. The proposed power converter topology also
effectively utilizes the dc bus voltage more when compared with the traditional ANPC
converter. In the proposed inverter, a high-frequency transformer is used to eliminate the
voltage balancing problems faced by the traditional ANPC inverters. The proposed
magnetic-linked power converter provides galvanic isolation, which is one of the most
critical issues for traditional transformerless grid-connected PV systems. The proposed
topology makes the control strategy simple and makes the power conversion system
reliable for the photovoltaic power plants. The model predictive control-based power
converter topology is simulated in MATLAB/Simulink environment and also validated
in the laboratory test platform.
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6.1 INTRODUCTION
Photovoltaic (PV) is one of the most rapidly growing renewable energy sources
having the ability to reduce the world’s enormous challenges, such as climate change and
fossil fuel depletion. Power electronic converters are the key elements that interconnect
the PV power plants with the grid and provide the conditioning operation of the energy
conversion [1], [2]. Traditionally, the two-level inverter-based solar power conversion
systems are commonly used for solar home systems and in large scale solar power
conversion systems, where a line filter is used to reduce the harmonics at the output
voltage and a power frequency transformer is used for isolation purposes and for stepping
up the line voltage. But the use of the power frequency step-up transformers and the filter
circuits can increase the total loss by about 50% and the system volume by about 40%
[3].
A lot of research work has been devoted to developing novel power electronic
converter topologies to interconnect the PV power plants with the electrical power grid
efficiently. Recently, the design of multilevel inverter topologies has taken on an
accelerated pace due to the requirement of high voltage handling capacity and improved
power quality [4] – [6]. The three main topologies of the multilevel inverters are: (i) the
neutral point clamp, (ii) the flying capacitor, and (iii) the cascaded H-bridge topologies
[7].
The authors in [8], [9] have proposed other types of multilevel inverter topologies,
such as the modular multilevel and the stacked multi cells topologies. Recently, the active
ANPC multilevel inverter topology [10] – [15] is becoming increasingly popular due to
its ability to overcome the problems of the conventional multilevel inverter topologies.
The ANPC multilevel inverter topology requires fewer clamping devices and flying
capacitors than those required in the basic multilevel inverters.
However, with the increase of the number of levels, there is a significant increase in
the number of the power electronic switches and the auxiliary flying capacitors required
in the ANPC converter topology. These extra components and devices increase the
converter size, cost, and control complexity of the flying capacitors [16]. Moreover, the
increased number of capacitors makes the conversion system bulky and reduces the
lifetime of the converters. Ref. [14] proposes a reduced switch ANPC for the grid
integration of PV plants. However, this topology requires extra control for balancing the
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voltage across the capacitors. Moreover, this topology utilizes a power frequency
transformer which ultimately makes the system bulky.
In this chapter, a novel ANPC multilevel inverter topology is presented, which not
only utilizes a smaller number of switching devices and auxiliary flying capacitors but
also generates a balanced isolated dc power supply using the high-frequency magnetic
link for the ANPC. Also, the proposed topology eliminates the extra control required for
the capacitor voltage balancing and the need for a power frequency transformer.
Moreover, the proposed ANPC multilevel inverter topology allows 100% of the dc bus
voltage to be utilized, when compared to that of the traditional ANPC multilevel inverter
topology, which can only utilize up to 50% of the dc bus voltage. Further, the proposed
magnetic-linked ANPC multilevel inverter also provides galvanic isolation to the gridconnected PV system.
The main contributions of this chapter are:


The chapter implements the model predictive control technique for the control
of a new power converter topology;



The proposed converter has reduced the number of switches and capacitors;



The proposed converter can utilize 100% of the dc bus voltage;



The proposed converter can solve the capacitor voltage balancing issue with the
use of the proposed high-frequency magnetic link.



The proposed converter provides galvanic isolation to the grid-connected PV
system

6.2 TRADITIONAL MULTILEVEL INVERTERS
The main conventional multilevel inverter topologies are the cascaded H-bridge
multilevel, the neutral point clamp multilevel, and the flying-capacitor multilevel
topologies. As the number of levels increases in the multilevel inverter topologies, the
number of devices increases significantly.
A nine-level single-phase cascaded H-bridge multilevel inverter topology requires 4
dc power sources and 16 switching devices [7]. Here, a single H-bridge unit can develop
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three voltage levels +Vdc, -Vdc, and 0. Thus by cascading several H-bridges, a higher
output voltage can be obtained.
A nine-level single-phase neutral point clamp multilevel inverter topology requires
16 switching devices, 14 diodes, 8 dc-link capacitors, and 1 dc power source [7]. In
general, this topology requires 1 dc power source, (m-1) dc-link capacitors, (2m-2)
switching devices, and (2m-4) clamping diodes to develop a single-phase m-level
inverter. One of the major drawbacks of this topology is the utilization of the dc bus
voltage. It can only utilize up to 50% of the dc bus voltage.
A nine-level single-phase flying capacitor multilevel inverter topology requires 1 dc
power source, 16 switching devices, 2 dc-link capacitors, and 7 flying capacitors [7]. In
general, this topology requires 1 dc power source, 2 dc-link capacitors, and (m-2) flying
capacitors. This topology can also only utilize the same 50% dc bus.
As the voltage levels are increased, not only the numbers of the clamping diodes and
dc-link capacitors in the neutral point clamp inverter and the flying capacitors multilevel
inverter topology increase but the difficulty in ensuring that the voltages across the dclink capacitors are balance increases tremendously.

Fig. 6.1. Traditional 9-level single-phase ANPC.

One of the emerging multilevel inverter topologies is the ANPC multilevel inverter
topology which was first introduced in 2005 [10]. This power converter can eliminate
the problems with the previous neutral point clamp and the capacitor clamp multilevel
inverters. Fig. 6.1 shows the single-phase 9-level ANPC inverter circuit. This ANPC
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multilevel inverter topology requires a smaller number of clamping devices than those in
the neutral point clamp and the flying capacitor multilevel inverter topologies.
Using the ANPC multilevel inverter topology, a nine-level single-phase ANPC
multilevel inverter topology requires 1 dc power source, 2 dc-link capacitors, 12
switching devices, and 3 flying capacitors to develop a single-phase nine-level inverter.
The main problems with this topology are the voltage balancing issue of the flying
capacitors and the issue of only having 50% utilization of the dc bus voltage.

Fig. 6.2. Proposed nine-level active neutral point inverter for distribution grid integration
of solar photovoltaic power plants.

6.3 THE PROPOSED CONVERTER TOPOLOGY
The proposed active nine-level neutral point clamp inverter topology is shown in
Fig. 6.2. The single-phase unit uses 1 dc power source, 10 switching devices, 2 dc-link
capacitors, and 1 flying capacitor. The main advantage of the proposed converter
topology is that it requires a smaller number of electronic switches and flying capacitors
compared to the traditional ANPC multilevel inverter topology. Further, the proposed
power converter topology can also solve the voltage balancing issue of the flying
capacitors by using the high-frequency magnetic link. Also, the proposed converter
topology utilizes 100% of the dc bus voltage and the galvanic isolation can be obtained
due to the use of the high-frequency transformer.
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Here, the dc power from the PV array is converted into the high-frequency ac power
using a full-bridge inverter. The high-frequency ac is then passed through the primary
winding of the high-frequency magnetic link. The magnetic link produces the highfrequency ac in the 6 secondary windings. As the number of turns in the secondary
windings is different from each other, the windings will produce ac voltages of different
magnitudes. If the voltage across the C1 and C2 capacitor is Vdc, then the flying capacitor
should maintain a voltage of Vdc/4 across it.

Fig. 6.3. The proposed power converter for medium voltage grid integration of PV array.

Therefore, the number of turns in the secondary windings is different. The highfrequency ac from the secondary windings are passed through the rectifier circuit and
then the obtained balanced dc power supplies are fed in the new active point clamp
multilevel inverter which is then directly connected to the grid. The proposed magnetic
link-based power converter is also suitable for grid integration without using a power
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frequency transformer. Here, the magnetic link will provide the isolation between the
grid and the PV power plant.
However, the integration of solar energy with the medium voltage grid is possible
by the parallel operation of the modules of the proposed power converter as presented in
Fig. 6.3. Each module contains a high-frequency inverter, a magnetic link, a rectifier
circuit, and an ANPC multilevel inverter. Here, the ANPC multilevel inverter of one
module is cascaded with the ANPC multilevel inverter of the next module. This
cascading results in using lower rating converters and magnetic links for each module.
Therefore, the power handling capacity of the magnetic link would not be an issue for
the multilevel inverter for the grid integration with the medium voltage grid. Moreover,
in this case, the system becomes more reliable as other modules can be in operation if
one or more modules need to be isolated.
Table 6.1
Switching Table
Switching states
State

Vout
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

1

1

0

0

0

0

0

0

0

1

1

Vdc/4

2

1

0

0

0

1

0

0

0

0

1

Vdc/2

3

1

0

0

0

0

1

0

0

0

1

3Vdc/4

4

1

0

0

1

0

0

0

0

0

1

Vdc

5

0

1

1

0

0

0

0

0

0

0

-Vdc/4

6

0

1

1

0

0

0

1

0

0

0

-Vdc/2

7

1

0

1

0

0

0

0

1

0

0

-3Vdc/4

8

0

1

1

0

0

0

0

1

0

0

-Vdc

9a

1

0

1

0

0

0

0

0

0

0

0

9b

0

0

0

0

0

0

0

0

1

1

0
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Fig. 6.4. (a) Amorphous ribbon, and (b) magnetic core under study.

Fig. 6.5. Different modes for the proposed multilevel inverter (Level 1-6).
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Fig. 6.6. Different modes for the proposed multilevel inverter (Level 7-9).

There are currently various several high capacity MVA-level HF ac transformers in
practical applications. For example, a 1.2-MVA HF ac transformer is currently in use by
the Swiss Federal Railways [17]. Fig. 6.4 shows the amorphous ribbon (0.02 mm thick
and 0.025 m wide), magnetic core. Due to the use of advanced material in the core, the
core produces low losses, which makes the power conversion system more efficient.
Table 6.1, Fig. 6.5, and Fig. 6.6 depict the different operating modes for the
switching devices to obtain the different voltage levels.
The voltage stresses across the electronic switches are shown in Table 6.2.
Table 6.2
Voltage Stress for Electronic Switches
Switches
S1, S2
S5, S6, S7
S4, S8, S9
S3, S10

Voltage Stress
Vdc/4
Vdc/2
3Vdc/4
Vdc
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6.4 MODEL PREDICTIVE CONTROL FOR THE PROPOSED ANPC
MULTILEVEL INVERTER
The proposed ANPC multilevel inverter is connected to the grid through an L-type
filter. Therefore, from Kirchhoff’s voltage law, the following expression can be derived.
Vi  Vg  i L R  L

diL
dt

(6.1)

where Vi = [Viα Viβ]T is the inverter output voltage, Vg = [Vgα Vgβ]T is the grid voltage, iL
=[iLα iLβ]T is the current through the filter inductor, L is the inductance of the filter and R
is the resistance of the filter.
If Ts is the sampling time, then the rate of change of the filter current with respect to
time can be expressed as follows
diL
iL ( k 1)  iL ( k )

dt
Ts

(6.2)

where iL(k+1) and iL(k) are the filter current at k+1 sample time and at k sample time
respectively. Therefore, if k represents the current situation, then k+1 represents the
predicted situation.
Based on (6.1) and (6.2), the current prediction can be expressed as follows.
Ts (Vi ( k ) Vg ( k )  iL ( k ) R )

i L ( k  1) 

L

 iL ( k )

(6.3)

Assuming a constant grid voltage during the sample period, the predicted real power
P(k+1) and reactive power Q(k+1) injected into the grid can be expressed as follows.
P( k  1) 

Q ( k  1) 

3
3
*
Re(Vg iL )  (Vg iL  Vg iL )
2
2

3
3
*
Im(Vg i L )  (Vg i L  Vg i L )
2
2
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(6.4)

(6.5)

Table 6.3
Switching States and First 16 Types of Voltage Vectors
Switching State

0

Number of
Vectors
1

(2 / 3  E ) / 8

6

(2 / 3  E ) / 8  2

6

(2 / 3  E ) / 8  3

6

(2 / 3  E ) / 8  3

6

Voltage Vector Magnitude

(-0-0-0)
(-1-0-0), (-0-0-1), (-0-1-0),
(-1-0-0), (-0-0-1), (-0-1-0)
(-1-1-1), (-1-1-1), (-1-1-1),
(-1-1-1), (-1-1-1), ( 1-1-1)
(-1-0-1), ( 0-1-1), (-1-1-0),
(-1-0-1), ( 0-1-1), ( 1-1-0)
(-2-1-1), ( 1-1-2), (-1-2-1),
(-2-1-1), (-1-1-2), ( 1-2-1)
(-2-0-1), ( 0-1-2), (-1-2-0),
(-2-0-1), ( 0-1-2), ( 1-2-0),
(-1-0-2), ( 0-2-1), (-2-1-0),
(-1-0-2), ( 0-2-1), ( 2-1-0)
(-2-2-2), ( 2-2-2), (-2-2-2),
(-2-2-2), (-2-2-2), ( 2-2-2)
(-2-0-2), ( 0-2-2), (-2-2-0),
(-2-0-2), ( 0-2-2), ( 2-2-0)
(-2-1-2), ( 1-2-2), (-2-2-1),
(-2-1-2), (-1-2-2), ( 2-2-1),
(-2-1-2), (-1-2-2), (-2-2-1),
(-2-1-2), ( 1-2-2), ( 2-2-1)
(-3-2-2), (-2-2-3), (-2-3-2),
(-3-2-2), (-2-2-3), ( 2-3-2)
(-3-1-2), ( 1-2-3), (-2-3-1),
(-3-1-2), (-1-2-3), ( 2-3-1),
(-2-1-3), (-1-3-2), (-3-2-1),
(-2-1-3), ( 1-3-2), ( 3-2-1)
(-3-0-2), ( 0-2-3), (-2-3-0),
(-3-0-2), ( 0-2-3), ( 2-3-0),
(-2-0-3), ( 0-3-2), (-3-2-0),
(-2-0-3), ( 0-3-2), ( 3-2-0)
(-3-3-3), ( 3-3-3), (-3-3-3),
(-3-3-3), (-3-3-3), ( 3-3-3)
(-3-0-3), ( 0-3-3), (-3-3-0),
(-3-0-3), ( 0-3-3), ( 3-3-0)
(-3-2-3), ( 2-3-3), (-3-3-2),
(-3-2-3), (-2-3-3), ( 3-3-2),

(2 / 3  E ) / 8 
(3  cos(60 )) / cos(60 / 3)

12

(2 / 3  E ) / 8  4

6

(2 / 3  E) / 8  2 3

6

(2 / 3  E) / 8 
(4  cos(60 )) / cos(60 / 4)

(2 / 3  E ) / 8  5

(2 / 3  E ) / 8 
(5  cos(60 )) / cos(60 / 5)

(2 / 3  E ) / 8 

6

12

(5  2cos(60 )) / cos(60 / 5  2)

12

(2 / 3  E ) / 8  6

6

(2 / 3  E) / 8  3 3

6

(2 / 3  E ) / 8 
(6  cos(60 )) / cos(60 / 6)
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12

12

(-3-2-3), (-2-3-3), (-3-3-2),
(-3-2-3), ( 2-3-3), ( 3-3-2)
(-3-1-3), ( 1-3-3), (-3-3-1),
(-3-1-3), (-1-3-3), ( 3-3-1),
(-3-1-3), (-1-3-3), (-3-3-1),
(-3-1-3), ( 1-3-3), ( 3-3-1)

(2 / 3  E ) / 8 
(6  2cos(60 )) / cos(60 / 6  2)

12

Table 6.4
Switching States and Last 9 Types of Voltage Vectors
Switching State

Voltage Vector Magnitude

(-4-3-3), ( 3-3-4), (-3-4-3),

(2 / 3  E ) / 8  7

(-4-3-3), (-3-3-4), ( 3-4-3)

Number of
Vectors
6

(-4-2-3), ( 2-3-4), (-3-4-2),
(-4-2-3), (-2-3-4), ( 3-4-2),

(2 / 3  E ) / 8 
(7  cos(60  )) / cos(60 / 7)

(-3-2-4), (-2-4-3), (-4-3-2),

12

(-3-2-4), ( 2-4-3), ( 4-3-2)
(-4-1-3), ( 1-3-4), (-3-4-1),
(-4-1-3), (-1-3-4), ( 3-4-1),

(2 / 3  E ) / 8 
(7  2cos(60 )) / cos(60 / 7  2)

(-3-1-4), (-1-4-3), (-4-3-1),

12

(-3-1-4), ( 1-4-3), ( 4-3-1)
(-4-0-3), ( 0-3-4), (-3-4-0),
(-4-0-3), ( 0-3-4), ( 3-4-0),

(2 / 3  E ) / 8 

(-3-0-4), ( 0-4-3), (-4-3-0),

(7  3cos(60 )) / cos(60 / 7  3)

12

(2 / 3  E ) / 8  8

6

(2 / 3  E) / 8  4 3

6

(-3-0-4), ( 0-4-3), ( 4-3-0)
(-4-4-4), ( 4-4-4), (-4-4-4),
(-4-4-4), (-4-4-4), ( 4-4-4)
(-4-0-4), ( 0-4-4), (-4-4-0),
(-4-0-4), ( 0-4-4), ( 4-4-0)
(-4-3-4), ( 3-4-4), (-4-4-3),
(2 / 3  E ) / 8 

(-4-3-4), (-3-4-4), ( 4-4-3),

(8  cos(60 )) / cos(60  / 8)

(-4-3-4), (-3-4-4), (-4-4-3),
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12

(-4-3-4), ( 3-4-4), ( 4-4-3)
(-4-2-4), ( 2-4-4), (-4-4-2),
(-4-2-4), (-2-4-4), ( 4-4-2),

(2 / 3  E ) / 8 
(8  2cos(60 )) / cos(60 / 8  2)

(-4-2-4), (-2-4-4), (-4-4-2),

12

(-4-2-4), ( 2-4-4), ( 4-4-2)
(-4-1-4), ( 1-4-4), (-4-4-1),
(-4-1-4), (-1-4-4), ( 4-4-1),

(2 / 3  E ) / 8 
(8  3cos(60 )) / cos(60 / 8  3)

(-4-1-4), (-1-4-4), (-4-4-1),

12

(-4-1-4), ( 1-4-4), ( 4-4-1)

Therefore, at sample time k, the filter current or the injected grid current can be
predicted from (6.3) for different inverter output voltage vector Vi and from the predicted
current, the injected real power and reactive power can be predicted from (6.4) and (6.5)
for different inverter output voltage vector Vi. The voltage vector which causes a
minimum value of the cost function will be selected for that sample period. The cost
function is defined as follows.
J 

( Pref  P ( k 1)) 2  ( Qref  Q ( k 1)) 2

(6.6)

The inverter output voltage vector Vi can be expressed as follows:
Vi 

2
2
T
(V  aVib  a Vic )  [Vi Vi ]
3 ia

(6.7)

Here, for a nine-level inverter, 93=729 voltage vectors can be formed. From these
729 voltage vectors several are redundant, resulting in 217 different voltage vectors.
Table 6.3 and Table 6.4 show the 217 vector values with corresponding switching states.
Here, the switching state of (100) means the phase A, phase B, and phase C inverter
output voltages are Vdc/4, 0, and 0, respectively. Moreover, the switching state of (-423)
means phase A, phase B, and phase C inverter output voltages are -4Vdc/4, 2Vdc/4, and
3Vdc/4, respectively. The rest of the switching states are self-explanatory. Here, E is the
peak value of the inverter line to line voltage. The maximum voltage vector value is 2E/3
and the minimum voltage vector value is (2E/3)/8.
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Fig. 6.7. Voltage vectors for the nine-level inverter.

Fig. 6.7 shows the possible voltage vectors for the nine-level inverter. Here, the
computational burden is the same as a two-level inverter. The reason is, all 217 vectors
are not used for the prediction for a particular sample of time. The voltage vector is
rotating in nature and the voltage is quite similar between two sample intervals.
Therefore, only the adjacent vectors are taken into consideration. In Fig. 6.7, when the
system operates at (10-1), then for the prediction of the next sample, only seven vectors
are taken into consideration and they are (10-1), (20-1), (10-2), (11-1), (00-1), (100) and
(1-1-1). Similarly, if the system operates at (1-33), then the adjacent vectors are (1-33),
(2-33), (1-32), (0-32), (0-33), (0-43) and (1-43). The selection of the nearest vectors is
done using an offline vector database. The database contains each vector and its nearest
seven vectors. The distance between the vectors can be expressed as:
d 

(Vi 1 Vi 2 )2  (Vi 1 Vi 2 )2

where d is the distance between two vectors.
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(6.8)

Fig. 6.8. Model predictive control for the proposed converter topology.

Fig. 6.8 shows the model predictive control structure for the proposed power
converter. Here, the three-phase grid voltage (Vg) and the three-phase grid current or the
filter inductor current (iL) are converted into alpha-beta components and fed into the
predictive model block. Based on the current-voltage vector, seven adjacent vectors are
selected and fed into the predictive model. The predictive model uses (6.3), (6.4), and
(6.5) to calculate the predictive active and reactive power for the next sample. After that,
these predicted values and reference values are used in the cost function and the
corresponding switching of the voltage vector is selected based on which vector causes
the minimum cost value among the adjacent seven vectors.
For simulation, a 1.5 kW PV system is connected with a 230 V, 50 Hz grid system
through the proposed power converter system. The inductance of filter, the resistance of
filter, the capacitance of the dc-link capacitor, the capacitance of flying capacitors are
taken as 1 mH, 0.3 Ω, 100 µF, and 100 µF, respectively. Fig. 6.9 shows the voltages
across the dc-link capacitors and the flying capacitor for a phase. The voltage across the
dc-link capacitors and the flying capacitors are found to be almost constant once the
steady-state is reached.
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Fig. 6.9. Voltage waveform across (a) dc-link capacitor C1 (b) dc-link capacitor C2 (c)
flying capacitor Cfc.
Fig. 6.10(a) and Fig. 6.10(c) show the output phase voltage and line voltage for the
proposed nine-level active neutral point clamp inverter topology, respectively. Fig.
6.10(b) shows that the phase voltage has 13.99% total harmonic distortion. Fig. 6.10(d)
shows that the total harmonic distortion of the line voltage is 8.53%.
Fig. 6.11 shows the simulated system behaviour (the grid phase voltage and current)
for a step change of active power reference. From 0 s to 0.2 s, the active power reference
is 1500 W, from 0.2 s to 0.3 s, the active power reference is 1000 W and from 0.3 s to
0.4 s, the active power reference is again 1500 W. The simulation results in Fig. 6.11
show that the grid voltage is unaffected, and the injected grid current follows the change
in the active power reference. Fig. 6.11 also shows that the model predictive controller
can adapt to the system instability and return quickly back to the steady-state position.
Here, the reactive power reference is maintained at zero, as the main purpose is to provide
the active power from the PV to the grid.
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Fig. 6.10. Output phase voltage and line voltage with their spectra property for the
proposed nine-level active neutral point clamp inverter topology.

Fig. 6.11. Simulated system behaviour for a step change of active power (P).

Fig. 6.12 shows the simulated output voltages and their spectra property for the proposed
topology and control when applied in a larger scale PV system for use in a mediumvoltage grid. Here, considering the parallel operation of three modules of the proposed
power converter, the output voltages and the corresponding frequency spectrum are
presented. It is worth mentioning that, each module can increase the voltage level by 8.
Therefore, by considering three modules of the proposed power converter, 25 voltage
levels can be generated. The control of the 25-level inverter can be designed similarly as
explained at the beginning of Section 6.4. It is also worth mentioning that, the
computational burden for the 25-level inverter would be the same as that of a two-level
inverter (due to the need to consider only the nearest vectors for a particular sample time)
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as explained for 9 level inverter at the beginning of Section 6.4. Fig. 6.12(b) and 6.12(c)
show that the THD of phase voltage is 4.65% and the THD of the line voltage is 2.82%.
Therefore, it is possible to remove the filter completely from the system.

Fig. 6.12. Medium voltage grid integration of the proposed topology (a) phase and line
voltage, (b) frequency spectrum of phase voltage, and (c) frequency spectrum of line
voltage.

6.5 SWITCHING AND CONDUCTION LOSS ANALYSIS
The main inverter losses are switching loss and conduction loss. An insulated-gate
bipolar transistor (IGBT) consists of a switch and an anti-parallel diode. Due to the use
of modern fast recovery diodes, the diode turn-on loss is negligible. Therefore, in this
chapter, the switch turn-off loss (PSLoff), the switch turn-on loss (PSLon), the switch
conduction loss (PSCL), the diode turn-off loss (PrrL), and the diode conduction loss (PDCL)
are considered.
The switch conduction loss (Pscl) can be calculated using the values of the
instantaneous voltage across the switch (Vce(t)) and the values of the instantaneous
current through the switch (ic(t)) using (6.9). Similarly, the diode conduction loss (Pdcl)
can be calculated using the values of the instantaneous voltage across the diode (vF(t))
and the values of the instantaneous current through the diode (iF(t)) using (6.10).
1
Pscl 
2

2

 [v

ce

0
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(t )ic (t )]d (wt )

(6.9)

1
Pdcl 
2

2

 [v

F

(t )iF (t )]d ( wt )

0

(6.10)

For N number of switches, the switch conduction loss and the diode conduction loss can
be expressed as follows.
N
PSCL   Pscl
j
j 1

(6.11)

N
PDCL   Pdcl
j
j 1

(6.12)

For switching loss analysis, the losses can be expressed as a function of the switch
current from the corresponding switch datasheet [1]. The switch turn-on loss, the switch
turn-off loss, and the diode turn-off loss can be found from (6.13) – (6.15).

PSLon 

1 N
 Eon ( ic )
j
T j 1
0

PSLoff 

1
T0

N
 E
( ic )
j 1 off j

(6.13)

(6.14)

and
PrrL 

1
T0

N
 E rec ( i F )
j
j 1

(6.15)

Fig. 6.13 shows the switching loss distribution, the conduction loss distribution, and
the total loss distribution for the proposed nine-level active neutral point clamp multilevel
inverter topology. For the switching loss distribution, switch S3 shows the lowest
switching loss, and switch S6 shows the highest switching loss among the electronic
switches. On the other hand, the switches S9 and S1 show the lowest and highest
conduction losses respectively. Finally, switch S9 shows the lowest total loss, and switch
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S2 shows the highest total loss among the electronic switches. Here, the loss distribution
analysis is carried out to design the rating of the heat sinks for the switching devices. Due
to the rapid development of material science, nowadays very high efficient (SiC, GaN)
switches are available in the market which can improve the reliability and life cycle of
an electronic switch.

Fig. 6.13. Simulated (a) switching loss distribution (b) conduction loss distribution, and
(c) total loss distribution.

6.6 EXPERIMENTAL VALIDATION
Fig. 6.14 shows the experimental setup and Fig. 6.15 shows the experimental results
for the proposed model predictive control-based power converter topology. To validate
the proposed nine-level active neutral point clamp inverter topology experimentally, the
43A, 1200 V, HGTG11N120CND insulated gate bipolar transistor (IGBT) and the 15A,
350V, MJL4281A NPN bipolar transistor have been considered as the power electronic
switches in the reduced scale prototype of the proposed energy conversion system.
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Fig. 6.14. Experimental test platform to validate the proposed nine-level active neutral
point clamp inverter topology.

Fig. 6.15. (a) Primary voltage and current for the magnetic link, (b) voltage across
capacitor C1 and Cfc for phase A, (c) voltage across capacitor C1 and Cfc for phase B, and
(d) voltage across capacitor C1 and Cfc for phase C.
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Fig. 6.16. (a) voltage across capacitor C2 for phase A, (b) voltage across capacitor C2 for
phase B, (c) voltage across capacitor C2 for phase C, (d) inverter phase voltage in steadystate, (e) inverter line voltage in steady-state, and (f) grid voltage and current in steadystate.
The ACPL-P343 driver circuit and the dSPACE MicroLabBox are used to
implement the model predictive control of the proposed converter. The proposed
converter is also tested in a micro-grid environment in the laboratory. The AMETEK
CSW5550 programmable power supply is connected to the California Instruments MX45
(acting as the supply grid) to supply the developed nine-level active neutral point clamp
inverter topology. The high-frequency magnetic link is implemented using advanced
magnetic material and is used to eliminate the voltage unbalancing problem of the flying
capacitors.
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Fig. 6.15(a) shows the high-frequency magnetic link primary voltage and current.
Here, the high-frequency inverter generates a 5 kHz square wave voltage, which is fed to
the magnetic link. Figs. 6.15(b)–(d) show the dc-link capacitor (C1) and the flying
capacitor (Cfc) voltages and Figs. 6.16(a)–(c) show the dc-link capacitor (C2) voltages in
different phases. The experimental results for the voltage waveforms across these
capacitors in different phases prove that the magnetic link helps to generate and isolate
the balanced dc power supplies from the grid-connected inverter. Figs. 6.16(d)–(e) show
the steady-state inverter phase and line voltages respectively. From, the inverter phase
and line voltage waveforms, it is obvious that the inverter can achieve nine different
voltage levels. Fig. 6.16(f) shows the steady-state grid phase voltage and the grid phase
current. Here, the input dc voltage and current are multiplied to calculate the input power.
Also, the grid rms voltage and the injected rms current are multiplied and the output
power is measured. By dividing the output power by the input power, the system
efficiency is found to be 85%.

Fig. 6.17. System response for a step-change inactive power reference (a) inverter phase
voltage, (b) inverter line voltage, and (c) grid voltage and current.
However, considering the ANPC inverter input power, the ANPC inverter efficiency
is found to be 97%. The power conversion system efficiency and the proposed inverter
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efficiency are also comparable to the traditional magnetic linked multilevel inverters,
where for 100% loading, the system and the converter efficiency were found to be 76%
and 95% respectively [18].
Fig. 6.17 shows the system response for a step-change in the active power reference.
Fig. 6.17 also shows that the model predictive controller can manage the instability and
return quickly back to the steady-state position.

Table 6.5
Comparison of Proposed Multilevel Inverter Topology with Other Popular Nine Level
Single Phase Inverters in Terms of Number of Components

Lightweight and
compact highfrequency
transformer

Diodes

4

16

-

-

1

0

Diode clamped [7]

1

16

8

14

1

0

Capacitor clamped [7]

1

16

9

-

1

0

Traditional ANPC [10]

1

12

5

-

1

0

1

12

4

-

1

0

1

12

4

-

1

0

2

16

6

-

1

0

1

10

3

-

1

0

1

10

3

-

0

1

ANPC Proposed
in [11]
ANPC Proposed
in [12]
ANPC Proposed
in [13]
ANPC Proposed
in [14]
Proposed ANPC

Switches

Cascaded H-bridge[7]

Multilevel Inverters

Sources

Capacitors

Heavy and bulky
line frequency
transformer

Number of
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Table 6.6
Performance Metrics of Different Nine Level Single Phase Inverters
Performance indicators
The
Multilevel Inverters

100% dc

requirement

Voltage

Reduced

bus

of capacitor

balancing

system

utilization

voltage

problem

size

control
Cascaded H-bridge[7]

√

×

√

×

Diode clamped [7]

×

√

√

×

Capacitor clamped [7]

×

√

√

×

Traditional ANPC [10]

×

√

√

×

ANPC Proposed in [11]

×

√

√

×

ANPC Proposed in [12]

×

√

√

×

ANPC Proposed in [13]

×

√

√

×

ANPC Proposed in [14]

√

√

√

×

Proposed ANPC

√

×

×

√

6.7 COMPARATIVE ASSESSMENT OF THE PROPOSED TOPOLOGY
Table 6.5 shows the comparison of the proposed nine-level active neutral point
clamp inverter topology with the conventional multilevel inverter topologies, such as the
traditional active neutral point clamp multilevel, the cascaded H-bridge multilevel, the
capacitor clamped multilevel, the neutral point clamp multilevel, and some other
improved active neutral point clamp inverter topologies [11]–[15] in terms of the number
of circuit components. The proposed topology requires fewer circuit components and can
be used to make the power conversion system more compact and efficient.

152

Table 6.6 illustrates the performance comparison of the proposed nine-level active
neutral point clamp inverter topology with those from the conventional power converters.
Here, the dc bus voltage utilization, the requirement of capacitor voltage control, the
voltage balancing issue, and the converter size are taken into consideration when
comparing the performance of the proposed power converter topology. The proposed
topology eliminates the extra control required for capacitor voltage, utilizes 100% dc bus
voltage, and does not have any issue with the voltage balancing.
6.8 CONCLUSION
This chapter presents model predictive control-based a new active neutral point
clamp inverter topology for power frequency transformerless grid integration of the
photovoltaic power plants. The model predictive control technique can manage the
system instability and return quickly back to the steady-state position. The proposed
multilevel inverter can utilize 100% dc bus voltage and solves the voltage balancing
issues faced by the traditional multilevel inverters. The proposed topology uses a smaller
number of switching devices and flying capacitors and does not require an additional
control strategy for capacitor voltage balancing. The proposed power conversion system
also offers galvanic isolation to the grid-connected photovoltaic systems, which is one of
the most crucial issues for the power frequency transformerless grid-connected
photovoltaic systems. Therefore, the use of this proposed magnetic link-based power
converter can make a photovoltaic power plant compact, efficient and reliable.
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Chapter 7
AN EFFECTIVE ENERGY MANAGEMENT IN
SOLAR PV AND BATTERY STORAGE BASED
MICROGRIDS WITH ADVANCED CONVERTER
AND MODULATION TECHNIQUE TO ACHIEVE
ENERGY RESILIENCY AND MINIMUM
OPERATING COST

ABSTRACT
Power electronic converters play an important part in harvesting energy from renewable
sources. This chapter presents an advanced control strategy for the power electronic
converters and an energy management strategy for a microgrid having solar PVs and
battery energy storage systems (BESS). The proposed controller of the power electronic
converter ensures lower power losses during the energy conversion process, and the
proposed energy management strategy ensures both the minimization of the operating
cost of the system and the increased resiliency of the whole system. In this chapter, the
use of a model predictive control strategy for the microgrid comprising the solar PV
arrays integrated with BESSs, a magnetically linked multilevel converter (acting as the
solar inverter), a full bridge inverter with advanced pulse width modulation technique
(acting as the battery inverter) and an energy management system to achieve energy
resiliency, minimize the operating cost and maximize the profit of the microgrid. The
proposed energy management strategy with advanced converter and control strategy has
been simulated in MATLAB\Simulink environment and also verified in the laboratory
test platform.

7.1 INTRODUCTION
Nowadays, solar PV-based microgrids are becoming increasingly popular due to
their technological advancement, reduction of PV module cost, depletion of fossil fuels,
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and direct impact of environmental degradation due to fossil fuel burning. These PVbased microgrids not only allow the integration of renewable sources to the power grid
but can also improve the overall performance of the electrical power grid [1]. Many
research efforts are being pursued on how to integrate solar energy with the power grid
using advanced power electronic circuits and control strategies [2]–[4]. The advanced
power electronic conversion can be categorized into two parts: hardware and software.
A magnetically link multilevel power converter was proposed in [4] to integrate the solar
PV system with the power grid. This power converter topology, which is a hardwarebased contribution, makes the conversion system compact resulting in reduced losses
during the operation of the power converters. Another type of contribution, which is
software-based, was presented in [3]. Here, an advanced pulse width modulation
technique has been proposed which can reduce the converter THD and switching losses.
The main objective of this advanced power electronic control strategy is to track the
reference waveform accurately. Recently, one of the most emerging research issues is the
energy management system (EMS) of the integrated PV renewable energy system with
the power grid, to ensure an optimal power flow in the microgrid. The main function of
the EMS is to create the reference waveforms for the power converters in the microgrid
to achieve predefined objectives [5]–[6]. The intermittent nature of the PV power plant
and the fluctuating nature of the load demands are the major concern when optimizing
the operation of a microgrid in each planning horizon [7]. The time series prediction
technique can be used to predict the fluctuating load demand using the rule-based or the
artificial neural network approaches.
An EMS is proposed in [8] for a virtual power plant. The main objective was to
reduce the electricity generation cost and to avoid energy loss due to renewable energy
sources. A rule-based control strategy for the solar and wind renewable energy system
and a battery energy storage system connected to the power grid are proposed in [9],
where the current references are determined for the battery inverter, and the system needs
only to deal with the intermittent nature of the wind and solar energy. The energy
scheduling issues in determining the reference signals to be used in the power electronic
converters have been presented in [10]–[12], where the reference current waveform is
determined based on the current operational conditions. In [13]–[15], the optimization of
an integrated renewable energy system with the power grid was reported, however, the
modes of the controllers and their experimental validation are not considered [16].
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Therefore, there is a need to comprehensively investigate the modelling and the
experimental validation of the optimal scheduling of a microgrid, that considers the
microgrid fluctuating load demand, the short-term availability of the renewable energy
systems, and the availability of sufficient energy in the storage system for a particular
period.
This chapter proposes an advanced power electronic converter and control-based energy
management system for an industrial microgrid, comprising a magnetically linked
multilevel inverter (PV inverter) and a full-bridge inverter (battery inverter) to achieve
energy resiliency and to minimize the operating cost. The chapter also proposes the use
of a model predictive control (MPC) strategy to make decisions on the operation of the
advanced power electronic converters by utilizing the forecasted load and PV insolation
data. The simulation results of the proposed energy management system and the
experimental validation of the dynamic performance of the proposed advanced power
electronic converters demonstrate the effectiveness of the proposed energy management
strategy with the advanced power converter and control strategy. The main contributions
of this chapter are as follows:


A model predictive control-based energy management system with an advanced
power electronic converter topology and control strategy.



An approach to ensure energy resiliency in the microgrid.



A cost-effective operation strategy to ensure the minimum operating cost of the
microgrid.



Implementation of the proposed energy management with the advanced power
converter and control strategy in the laboratory environment.

7.2 SYSTEM DESCRIPTION
In this chapter, an industrial microgrid has been considered, comprising a 6 kW
PV array, a fluctuating load with a 9 kW peak, and a 30 kWh energy storage system. Fig.
7.1 shows the different circuit elements for the microgrid. Here, the output of the PV is
connected to a boost converter, which is connected to the power grid through a magneticlinked multilevel inverter. This magnetic-linked multilevel inverter acts as the PV
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inverter, where the power direction is unidirectional, that is from the PV to the point of
common coupling (PCC). The proposed inverter utilizes the dc bus voltage better than
the traditional active neutral point inverter. Moreover, it requires a smaller number of
flying capacitors to generate the seven output voltage levels, compared to that from the
traditional one. This topology also ensures galvanic isolation between the PV and the
grid without the use of a bulky and heavy power frequency transformer.

Fig. 7.1. The layout of different circuit elements for a typical industrial microgrid.

The battery storage system is connected to the PCC through a full-bridge inverter,
acting as the battery inverter. An advanced pulse width modulation technique named the
third harmonic injected ninety-degree bus clamping pulse width modulation technique
(THNDBCPWM), shown in Fig. 7.2, has been used in the battery inverter to reduce the
total harmonic distortion at the output voltage and reduce the converter switching losses.
Here, the pulse width modulation technique utilizes two reference signals which have a
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clamping region in each switching period. During these clamping regions, no switching
occurs in the inverter, however, the output voltage still follows the sinusoidal reference
(because the difference between the two reference signals is a sinusoid). The detailed
design and analysis of this advanced pulse width modulation technique were presented
in [3]. Here, the power direction of the battery inverter is bidirectional. The battery can
be charged or discharged through this battery inverter.

Fig. 7.2. Advanced pulse width modulation technique.

As indicated earlier, in this chapter the focus is to apply this advanced power
electronic converter control strategy in an intelligent energy management system to
achieve energy resiliency and to minimize the operating cost of a microgrid. Here, the
Raspberry Pi microcomputer is used to receive data from the web services and memory
drive, to determine the management of the energy based on the MPC technique, and to
send commands to the Micro LabBox to drive the gates of the power electronics switches
in the PV and battery inverter accordingly.
The control of the whole system can be categorized into two sections: 1) supervisory
control and 2) internal control. Here, the supervisory control is the MPC-based energy
management system, which ensures energy resiliency and minimum operating cost by
selecting optimal battery charging and discharging trajectory. The internal control
includes the PV inverter control and the battery inverter control. Battery inverter control
can be categorized into two sections: 1) Battery discharge to the grid and 2) Battery
charge from the grid. Fig. 7.3 shows the supervisory and internal control structure for the
system.
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Fig. 7.3. The detailed control structure for energy management in the solar PV and
battery storage-based microgrids.

The PV inverter control consists of boost converter control with MPPT tracking, dc
bus voltage control, and current control. The terminal voltage, Vpv, and the current, ipv of
the PV array are used to calculate reference PV terminal voltage, Vpv* using perturb and
observation technique. The PV terminal reference voltage is compared with the actual
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PV terminal voltage and then the error is passed through a PI controller to generate the
reference power, Ppv* for the PV inverter. Next, the reference PV power and the actual
PV power, Ppv are compared and the error is passed through another PI controller to
generate the reference signal which is again compared with a high-frequency carrier
signal to generate the gate pulses for the boost converter. The main purposes of this
control are to maintain the PV terminal voltage within the acceptable range according to
the MPPT reference voltage and inject the current to the dc bus according to the available
PV power.
The dc bus voltage, Vdc, and current injected by the PV inverter, Ii are regulated by
the PV inverter. If there is more power available from the PV, the boost converter injects
more current to the dc bus which may increase the dc bus voltage. To reduce the dc bus
voltage to the desired level, Vdc*, the current regulator increases the current injected by
the PV inverter to the grid. Therefore, the voltage regulator generates the direct axis
component reference current, Id* for the PV inverter. The reference quadrature axis
component, Iq* is set to zero due to the operation of the inverter at unity power factor.
Then the error between the actual grid injected currents, Id and Iq, and the reference
currents, Id* and Iq* are passed through the PI controllers and eventually the direct axis
components of the inverter reference voltage, Vd* and the quadrature axis component of
the inverter reference voltage, Vq* are calculated. Finally, the direct and quadrature axis
components of the reference inverter voltage are converted into alpha-beta components
to calculate the magnitude and angle of the reference signal. This reference signal is then
compared with a high-frequency carrier to generate the gate pulses for the advanced
multilevel inverter.
The battery inverter receives the reference power signal, Pbatt* from the model
predictive control-based supervisory control, and operates the battery inverter
accordingly. When the battery is charged from the PV power or the grid power, the PQ
controller is the same as the PV inverter current control. Here, the advanced PWM
technique has been used to reduce the converter power loss and also to reduce the THD.
The buck-boost converter can charge the battery at constant current mode or constant
voltage mode as shown in Fig. 7.3. When it is in constant current mode, the current
through the battery is kept constant and voltage varies according to the power selected
by the supervisory control. Similarly, when it is in constant voltage mode, the voltage is
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kept constant and the current varies according to the reference power selected by the
supervisory control.

7.3 MODEL PREDICTIVE CONTROL BASED SUPERVISORY CONTROL
The microgrid system dynamics are based upon the charging and discharging of the
BESS. The dynamics of the BESS can be expressed as the first-order difference equation
in (7.1):

xk 1  xk 

T Pdch,k
(
 Pch ,kch )
C dch

(7.1)

where xk is the state of the charge (SoC), ∆T is the sampling time (1 hr), C is the capacity
of the battery, Pch is the charging power, Pdch is the discharging power, ηch is the battery
charging efficiency and ηdch is the battery discharging efficiency.
The power balancing equation for the considered microgrid is given in (7.2).

PG , k  ( Pdch , k  Pch , k )  ( Ppv , k  PL , k )

(7.2)

where PG is the grid power, Ppv and PL are the PV and load power respectively. From the
control point of view, Ppv and PL are considered disturbances, vk, for the system.
Here, (7.1) and (7.2) can be expressed in a matrix form as given in (7.3) and (7.4):

xk 1  Axk  Buk

(7.3)

PG , k  Duk  Vvk

(7.4)

where uk = [Pdch,k Pch,k]T and A, B, D, V are calculated from (7.1) and (7.2).
In the MPC technique, for the whole prediction horizon, the augmented form of the model
can be expressed as given in (7.5) and (7.6):
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x  Ax0  Bu

(7.5)

PG  Du  Vv

(7.6)

The augmented vectors are as follows:

x  [ x1 x2 .... xN ]T

(7.7)

u  [u0 u1 .... u N 1 ]T

(7.8)

v  [ v0 v1 .... v N 1 ]T

(7.9)

PG  [ PG,0 PG,1 .... PG, N 1 ]T

(7.10)

where N indicates the prediction horizon. Moreover, the electricity price over the control
horizon is expressed as the following c vector.

c  [c0 c1 .... cN 1 ]T

(7.11)

The cost function for the model predictive control is defined in (7.12):

N 1

J (u , x0 , c, v )   ck PG ,k T
k 0

(7.12)

One of the main advantages of the MPC technique is that this control can be implemented
with system constraints. The system constraints are given in (7.13) – (7.15):
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xmin  xk  xmax ,
umin  uk  umax ,

0k  N
0  k  N 1

PG ,min  PG ,k  PG ,max ,

0  k  N 1

(7.13)
(7.14)
(7.15)

Here, the energy resilience of the microgrid is ensured by limiting the xmax. The load
prediction is used to indicate the required energy for the next day and the model
predictive control method ensures that enough amount of storage is available for the next
day by ensuring that the battery SoC at the end of the day is the same as the battery SoC
at the beginning of the day.
A real system dynamic is represented by (7.16), for which the MPC technique
computes the optimal value of the input u* with the given initial state xoc= xt, the
electricity price vector given by (7.17), and the disturbance vector given by (7.18) over
the prediction horizon.

xt 1  Axt  But

(7.16)

c  [ct ct 1 .... ct  N 1 ]T

(7.17)

v  [vt vt 1 .... vt  N 1 ]T

(7.18)

u*  arg min J (u, x0 , c, v)

(7.19)

The optimization problem is again repeated at t+1 instant with the new initial state,
the electricity price, and the disturbance sequences. Therefore, the MPC technique
always selects the input vector which will cause the least operating cost for the microgrid.
The optimization of the proposed system maintains the following:
(a) energy resiliency (maintaining enough energy into the battery to support the
load for the next 24 hours);
(b) minimum energy purchase from the grid;
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(c) battery SoC upper and lower limit;
(d) maximum charging and discharging power for the battery;
(e) utilization of PV power to charge the battery rather than taking power from the
grid;
(f) not to allow the battery to discharge to the grid; and
(g) allowing PV power to supply the grid only when there is no load demand and
the battery is full.
Here, point (b) is satisfied in the objective function to ensure minimum energy
purchase from the grid, and the rest of the points are satisfied as constraints.
For simulation, the ‘fmincon’ function has been used in MATLAB which can
implement the model predictive control technique. Figs. 7.4 – 7.9 show the optimization
outputs at different times during the day. Here, the prediction horizon is 24 hours, and
the control horizon is 1 hour. Therefore, for each optimization, the prediction is carried
out for 24 hours and is based on the optimization output from the first 1 hour. Here, the
total number of samples for a day is 144. Every sample represents 10-minutes of that
day. The optimization speed depends on the number of samples per day. The main reason
for taking 10 minutes per sample time is that the motor turn-on duration on average is
10-minutes. Here, the main purpose is to maintain energy resiliency and to minimize the
operating cost. Figs. 7.4 - 7.9 show the optimization outputs when the starting SoC is
65% and the required SoC for the next day is 85%.
The 85% SoC value is calculated by the optimization technique to ensure the
resiliency of the system for the next day (maintaining enough energy into the battery to
support the load for the next 24 hours) knowing the predicted load behavior and PV
insolation for the next day at the beginning of each day. For example, the optimization
technique determines on 24 July that 65% SoC will be required at the end of the day, and
the MPC will operate every hour to ensure that at the end of the day, 65% of SoC will be
available in the battery for 25th July. Therefore, this will ensure that for 25 July, the 65%
SoC of the battery with the predicted loads and PV insolation, will be enough to support
the load for any power outages. At the beginning of 25 July, the optimization technique
will determine the SoC required for 26 July, based on the predicted load behavior and
PV insolation for 26 July, for example, the optimization technique decides that it needs
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to have 85% SoC for 26 July. Therefore, the MPC manages the battery charging or
discharging in such a way that at the end of 25 July, 85% SoC is available on the battery,
to ensure resiliency for 25 July. 65% is the start point on 25 July and the MPC will ensure
that not only 85% energy will be available for 26 July, but the MPC will also spend the
battery energy on 25 July in such a way that we have energy resiliency on 25 July as
well.

Fig. 7.4. The optimization output at 12 am.

Fig. 7.4 shows the optimization output at 12 am and indicates that output results
comply with seven points maintained by the optimization technique.
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Fig. 7.5. The optimization output at 4 am.
Fig. 7.5 shows the optimization output at 4 am and indicates that output results
comply with seven points maintained by the optimization technique.

Fig. 7.6. The optimization output at 8 am.
Fig. 7.6 shows the optimization output at 8 am and indicates that output results
comply with seven points maintained by the optimization technique.
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Fig. 7.7. The optimization output at 12 pm.
Fig. 7.7 shows the optimization output at 12 pm and indicates that output results
comply with seven points maintained by the optimization technique.

Fig. 7.8. The optimization output at 4 pm.
Fig. 7.8 shows the optimization output at 4 pm and indicates that output results
comply with seven points maintained by the optimization technique.
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Fig. 7.9. The optimization output at 8 pm.

Fig. 7.9 shows the optimization output at 8 pm and indicates that output results
comply with seven points maintained by the optimization technique.

Fig. 7.10 shows the actual system behaviour when the first 6-samples of the
optimization are used to drive the system. It is to be noted that there are 100 samples in
one second. The reason for taking such a large sample of data is to see the actual
behaviour of the system. Fig. 7.10 shows that battery SoC reaches 85% at the end of the
day. When there is a load demand, and the PV generation is not available, but the battery
has enough storage, then the load is supported by the battery. If the optimization observes
that, there will be enough PV power to charge the battery to the required SoC, it does not
allow the battery to take energy from the grid. Also, injecting power from the battery to
the grid is restricted at this time. If the battery is full and there is no load demand, all the
PV power will be injected into the grid.
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Fig. 7.10. Actual system behaviour when initial SoC is 65% and the required SoC is 85%.
(a) electricity price, (b) battery power, (c) battery SoC, (d) PV power, (e) load power,
and (f) grid power.
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Fig. 7.11. A photograph of the experimental test platform.

7.4 EXPERIMENTAL VALIDATION
Fig. 7.11 shows the photograph of the experimental test platform. In this chapter, the
magnetically linked multilevel converter (PV inverter), the full-bridge inverter (battery
converter), the Venux GX (battery sensor), the MicroLab Box (used to generate the
inverter pulses), the Raspberry Pi (a microcomputer), and the electronic load are used to
develop a microgrid in the laboratory to validate the proposed advanced power electronic
converter based energy management system. The 43 A, 1200 V, HGTG11N120CND
IGBTs are used for the magnetic-linked multilevel inverter and the 150 A, 1700 V,
5SNG0150Q170300 IGBTs are used for the battery inverter. Here, the ACPL-P343
driver circuit is used to drive the IGBTs.

The California Instruments MX45

programmable power supply is working as a supply grid.
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Fig. 7.12. (a) magnetic-linked inverter phase voltage and current, (b) zoomed version of
magnetically linked inverter phase voltage and current, (c) dynamic response of the
magnetic-linked multilevel inverter with the active power change, (d) frequency
spectrum of magnetically linked inverter voltage before filtering, (e) frequency spectrum
of magnetically linked inverter voltage before filtering, (f) grid voltage and current from
the battery inverter point of view while the battery power is being discharged/charged to
the point of common coupling, and (g) dynamic response of the battery inverter with the
active power change.
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The AMATEK TerraSAS PV simulator ETS 1000/10 is acting as the photovoltaic
array. The actual day profiles are fed into this PV simulator and the actual load profile
has been fed into the programmable load to mimic the actual scenario of the microgrid.
Fig. 7.12 shows the output voltage and current waveforms for the PV inverter and
the battery inverter. KEYSIGHT N2791A voltage probes and Agilent N2779A current
probes are used to measure the voltages and current waveforms and the KEYSIGHT
DSOX4024A oscilloscope has been used to observe and collect these waveforms. Fig.
7.12(a) shows the phase voltage and current output waveforms (switching frequency 1
kHz) of the magnetically linked inverter which are in phase. Fig. 7.12(b) shows the
zoomed version of the phase voltage and current waveforms. The output phase voltage
also shows that it is made of seven different levels of voltages. Fig. 7.12(c) shows the
dynamic response of the magnetic-linked multilevel inverter with active power change.
Here, when the active power is low, the injected current is low and when the active power
is high, the injected current gets high. In both cases, the PCC voltage is found to be the
same. Fig. 7.12 (d) shows the frequency spectrum of magnetically linked inverter voltage
before filtering and Fig. 7.12(e) shows the frequency spectrum of magnetically linked
inverter voltage after filtering. The THD before filtering is 18.12% and the THD after
filtering is 2.6%.
Fig. 7.12(f) shows the grid voltage and current waveforms from the battery inverter
point of view when the battery is in both discharging and charging mode. When the
battery discharges power to the point of common coupling, then the grid voltage and
current are in phase; and when the battery charges the power from the point of common
coupling, the grid voltage and current are out of phase. Fig. 7.12(g) shows the dynamic
response of the battery inverter with the active power change. The behaviour is similar
to the PV inverter response. The voltage profile remains unchanged and the current
profile changes according to the active power profile.
Fig. 7.13 shows the microgrid energy management system dynamics. The
programmable load is programmed such that it draws power like an induction motor.
Here, three scenarios are presented: 1) motor is turned on, 2) motor operates to draw
power at steady state, and 3) motor is turned off. In these scenarios, the PV power and
battery power are supporting the load. When the load is switched off, then all the PV
power is used to charge the battery.
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The energy management strategy will make sure that the required energy in the
battery is available for the next 24 hours. Therefore, it ensures the energy resiliency of
the microgrid. The energy management also ensures the maximum utilization of the PV
power, the energy purchase from the grid when the price is low and the energy sale to
the grid when the price is high. Therefore, the energy management system ensures the
minimum operating cost of the microgrid.

Fig. 7.13. Microgrid energy management system dynamics.

7.5 Summary
This chapter proposes an effective energy management strategy for industrial
microgrids using the advanced power converter and control strategy that can achieve
energy resiliency and low operating cost. The control of the advanced power converter
ensures that a low conversion loss is achieved during its operation. The MPC strategy
selects the optimum control input vector for the energy management system to minimize
the operating cost and to maintain enough energy in the battery storage system for the
next day.
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Therefore, the proposed energy management strategy with the advanced power
electronic converter and control has the potential to be used in an industrial microgrid
system that is efficient, reliable, and cost-effective.
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Chapter 8
CONCLUSIONS AND
DIRECTION FOR FUTURE WORKS
This thesis has developed advanced power electronic converter and control for the grid
integration of renewable energy sources. General conclusions of the thesis and direction for
future works are provided below.

8.1 CONCLUDING REMARKS
Different power converter topologies for applications in grid-connected renewable energy
sources have been reviewed in Chapter 2. Also, the performances of the traditional switching
techniques are analyzed in terms of the inverter output quality and the inverter switching, and
the conduction losses. Here, the magnetic-linked multilevel inverter topologies are found to be
promising for the effective grid integration of renewable energy sources. Moreover, the third
harmonic injected bus clamping modulation technique is found to be better in terms of dc bus
utilization, spectra property, and power conversion efficiency.
An advanced modulation technique has been proposed in Chapter 3 for the power conditioning
system of the SMES unit. The proposed third harmonic injected equal loading ninety-degree
clamp pulse width modulation technique increases the effectiveness of the SMES unit while
mitigating the power quality issues. The proposed modulation technique shows better
performance compared to the traditional BPPWM, UPPWM, and bus clamping modulation
techniques in terms of dc bus utilization, spectra property, and power conversion efficiency.
A novel switching technique has been designed for both active and reactive power control in
Chapter 4 for the grid integration of renewable energy sources with the transformerless
inverter topology. Here, a new switching scheme is also proposed for the effective reactive
power flow in the transformerless inverter topology using the proposed current peak point
tracking third harmonic injected bus clamping pulse width modulation technique. The new
switching scheme eliminates unnecessary switching during the positive power region. The
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proposed switching technique also reduces the temperature stress and unequal power loss
distribution among the electronic switches and increases the lifetime of the transformerless
inverter topology.
A new magnetic-linked multilevel inverter topology has been proposed in Chapter 5 for the
grid integration of renewable energy sources. Although the proposed inverter utilizes the same
number of electronic switches as the traditional multilevel inverter, it requires fewer auxiliary
capacitors for operation. The proposed power conversion system provides galvanic isolation
inherently and solves the problem of capacitor voltage balancing faced by the traditional
multilevel inverter topologies.
A novel magnetic-linked multilevel inverter topology with a model predictive control
technique has been proposed in Chapter 6 for the grid integration of renewable energy sources.
This proposed power converter topology utilizes fewer electronic switches and auxiliary
capacitors for its operation compared to the traditional multilevel inverter topologies. This
power converter topology can utilize the dc bus voltage 50% more compared to the
conventional multilevel inverter topology. The power converter topology is simulated in
MATLAB\Simulink environment and validated in the laboratory test platform.
In Chapter 7, A model predictive control-based energy management system has been designed
for the advanced power electronic converter system to integrate the renewable sources with the
power grids. Here, the model predictive control-based supervisory control technique considers
the electricity price, PV insolation from the web services, forecasted load data to make the
decision on battery charging and discharging pattern. The optimal pattern is selected by the
model predictive control to achieve energy resiliency and minimum operating cost.

8.2 DIRECTIONS FOR FUTURE WORK
General directions for future work are given below.


This thesis presents and discusses modulation techniques for reducing power losses in
the power conversion system. The power losses can not be avoided completely from
the system. However, the remaining power losses in the electronic switches dissipate
as heat. Nowadays, material science is progressing rapidly. Many types of research are
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being conducted to design advanced material-based thermocouples, which can generate
electrical voltage with little temperature differences. These advanced material-based
thermocouples can be used in the heat sinks of the electronic switches and the dissipated
heat energy can be converted into a voltage that can be integrated with the input dc bus
of the inverter system. This will make the power conversion system more effective.



This thesis presents and discusses a high-frequency magnetic linked-based multilevel
inverter topology. The high-frequency magnetic link is based on the amorphous alloy.
Material science can contribute a lot to develop a more advanced material-based core
for minimizing the hysteresis losses and eddy current losses in the high-frequency
magnetic link. The more advanced material-based core can make the novel multilevel
inverter more efficient and reliable for the grid integration of renewable energy sources.



This thesis presents and discusses the design of power converter topologies and
switching techniques for the grid integration of renewable energy sources. The phaselocked loop plays an important role in grid integration. In this thesis, the traditional
phase-locked loop has been proposed for control purposes. However, in the case of
weak grid conditions, the grid voltage fluctuates a lot for any reactive power injection.
Moreover, the grid voltage also fluctuates due to active power injection when the grid
is resistive i.e. X/R ratio is low. In this case, a robust PLL can make the power
conversion system more reliable for the grid integration of renewable energy sources.



The thesis presents and discusses the implementation of the multilevel inverter with a
single module only. Multiple modules need to be connected in parallel for the largescale grid integration of renewable energy sources. The successful implementation of
the parallel operation of the proposed multilevel inverter modules can attract the
industries to come forward and implement the proposed power converter topology at a
commercial level.
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